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ABSTRACT

This report contains the results of an investigatiom into
the lubrication of gears and bearings for use ir 2 vacuum
environment by using dry powders as a lubricant, and dry self-
lubricating materials in the bearing retainer,

The report is divided as follows:

PHASE I: The wear and friction characteristics of various
dry powders and dry self-lubricating materials for use in ball
bearings were evaluated and screened in a dry inert atmosphere
in laboratory test apparatus under rotating speeds and loads
similar to that found in 2 to 7 h.p. elegtric motors. The
materials evaluated included reinforced thermosetting plastics,
dry lubricant filled and unfilled thermoplastics and dry
lubricant filled sintered alloys,

PHASE;LIL Dry powder and self-lubricating materials were

subjected to the vacuum conditions in the range of 1 x 10"6 to

1 x 10"'9 mm Hg, and at temperatures in the range of -60°F to
1000°F to determine the rate of the outgassing and/or decom-
position of each material.

PHASE III: Dry ball bearing (204 size, 22 mm bore) scak-

ing and operating tests were conducted using retainers fabri.-
cated from the most promising materials determined in Phase II.
The bearings were operated at a speed of 1800 rpm, radial load
of 75 1lbs., axial load of 5 1lbs., and tested under the vacuum

- and terperature conditions described in Phase II. Special
bearings and retainer materials wesre used for exploratory tests
up to 1500°F.
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I. INTRODUCTION

Handling facilities are required in the positioning and
testing of space vehicles and other equipment in the large ground
vacuum chembers contemplated for the Arnold Air Force Station,
Tennessee, This program concerns the study of bearings and lubricant
systems for use in electric hoist motors operating in these ground
vacuum chambers under vacuwm conditions similar to those of space
operation.

The initial program was divided into three phases, In
Phase I the wear and friction characteristics of various dry powders
and dry self-lubricating materials suitable for use in ball bearing
components were evaluated in a dry inert atmosphere. In Phase II
the selected materials from Phase I will be subjected to a vacuum
environment to determine the rate of outgassing of each material. In
Phase III the most promising self-lubricating materials of Fhase II
will be fabricated into retainers and evaluated along with dry powders
in 20 mm ball bearings operating in a vacuum chamber at pressures in
the range of 1 X 10~° to 1 X 10-9 mm of Hg. Starts will be made at
«60°F with sctual bearing operation at temperatures ranging from ambient
to 1000°F, All tests will be made with a radial bearing load of 75 lbs,
and an axial bearing load of 5 1bs,

At the extremely low pressure levels encountered in space and
also contemplated for simulation in a ground test facility, conventional
bearing lubricants evaporate or sublimate causing lubricating films
to disappear with & resultant tremendous increase in surface friction
and wear of the ball bearings. Under such conditions clean surfaces,
wvhen rubbing on one another in lsboratory tests with apparently the
last monomolecular film layer removed, have been known to cold weld,

In addition, in an wltra-high vacuum environment, the only natural
mechanisms of heat dissipation from a bearing are by radiation or con-
duction to contacting surfaces. This heat reservoir effect compounds
the problem, as lubricant evaporation is accelerated at higher bulk
temeratures. Some bearing materials have poor heat transfer character
istics and will not dissipate the thermal energy over the entire bvearing
surface but retain it at the localized areas where the asperities of
each material make contact.

In ball bearings, rubbing occurs between the ball surface sad
ball pockets of the retainer and between the retainer surface and the
correspending guide lands of the inner or outer race, In the evaluation
of lubricants of Fhase I, the object was to obtain or develop solids,
powders or self-lubricating structural materials that would provide
low friction and minimum wear when rubbing against bearing steels or
vhen used to lubricate bearing steels rubbing against each other, The
rubbing velocities selected were similar to that of the retainer rubbing
the bearing race and the balls when rubbing the retainer pocket.
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II. WEAR AND FRICTION STUDIES ON PLASTIC MATERIALS

A, Screening Tests

Prior work by various investigators indicated that plastic
materials are the best of the many solid materials now used or considered
for use as bearing components for dry lubricating applicetions. As a
result, the wear and frictlon characteristics of selected plastic materials
vere evaluated to determine if any would be satisfactory for use as
bearing components operating dry in a space environment.

Initial evaluation of the plastic materisls was performed
using a modified Hohman Model Al wear and friction tester. Figure 1 is
a photograph of the test apparatus used. The tester embodies the same
principles used in the MacMillan and Falex testers, A test disk or plug
is attached to the end of a horizontal shaft which is rotated at a
selected constant speed. The shaft assembly which incorporates a torque
bearing arm is supported in the pedestal by a front and rear bearing.
The test specimens in the form of 1/2" x 3/4" x0.25" test blocks are
held in shces and mounted on the torque bearing arm and can pivot in a
concentric arc about the shaft. The load is applied to the blocks through
a parallelogram arrangement of levers by means of an air cylinder. The
cylinder located above the rotating disk,is attached to the upper end of
two vertical levers that hold the shoes. An oven surrounds the test blocks
to permit conducting evaluations at elevated temperatures. A bell jar was
used to cover the entire assembly for conducting the test in a nitrogen
atmosphere. During operation of the unit, the friction torque of the disk
rotating against the test blocks was indicated by the use of a strain gage
and associated equipment connected to the torque bearing arm. During the
elevated temperature tests, two water jackets shielded the forward pedestal
bearing, load dynamometer ring and loading cylinder ageinst the radiated
heat from the test oven. In order to obtain an inert atmosphere environment
of nitrogen, the test chamber was evacuated to 1 mm of Hg, and then returned
to ambient pressure by admitting dry nitrogen. This process was repeated
several times prior to each test run. During the test, the chamber was held
at a8 pressure slightly above the ambient pressure to insure no leakage of
oxygen into the test area.

The tests were run using rubbing velccities of 460 ft./min. (1280
rpm) and 230 ft./min. (640 rpm) and temperatures of 86°F and 160°F. The
load on the test blocks was three pounds (equivalent to a pressure of 100-
300 psi between the block and disk). M-10 tool steel was used as the
rotating disk material for all screening tests of all the plastic materials,
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B, Selection of Materiels

Plastic materials that were known to exhibilt good wear
and friction characteristics necessary for unlubricated bearing com-
ponents were selected for screening. Since polytetralluoroethylene
(Teflon) and nylon have many of the desirable properties for unlubricated
bearinge, they were among the first to be considered for the severe
application of operating dry in a vecuum environment. In order to
obtain optirmm wear and friction values when rubbing against a metal
surface, various powder lubricant snd fillers were incorporated in
these thermoplastic materials.,

Other plastics were also evaluated and were compared %o
polytetrafluoroethylene and nylon. These plastics were unfilled
polypropylene, a chlorinated polyether and carbon-graphite solid
impregnated with polytetrafluoroethylene, The fillers conteined in
the variocus plastic materials included graphite, molybdenum disulfide,
glass cloth, random glass fiber, and powdered ceramic, Table I 1lists
all of the plastic and carbon materials evaluated.

C. Test Results

The average wear and friction values for the plastic materials
evaluated are shown in Table II. The variaticns in frietion during
the test runa are shown by the curves in Figures 2 to 13. PFgure 14
shows a comparison of the average coefficient of friction and wear for
the twelve plastic materials. The two polytetrafluoroethylene impregnated
carbon materials exhibited the lowest friction and best wear characteristics.
Of the remaining plastic materials, polytetrafluorcethylene filled with
glase fibers and molybdenum disulfide powder exhibited the lowest co-
efficient of friction values and lower than average wear, Low friction
values are extremely desirable because of the poor thermal conductivity
of the plastic or carbon material in the bearing during operation under
load in the space environment. The unfilled plastic materials were
unsatisfactory as bearing components under the specific conditions of
load, speed and enviromment for the application stated in this program.
Tittle difference was noted between the friction values or wear rates
determined in the two test conditions of temperatures or speeds,

1. Nylon

VWear of the nylon materials containing various fillers was
low and was due most likely to the high hardness of the nylon., Nylon
wvhich did not contain a lubricant filler was unsatisfactory. The nylon
material with 40% molybdenum disulfide filler is preferred over nylon
with 204 carbon-graphite (even though the friction 1s higher) because
of the expected poor lubricating gualities of graphite in a space
environment.
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2. Polytetrafluorcethylene

Duroid 5813, polytetrafluoroethylene containing glass fiber
rainforcement and molybdenum disulfide powder filler, exhibited low
friction values and average wear. The polytetrafluoroethylene containing
mica or glass cloth filler had significantly higher wear. Polytetrafluoro-
ethylene can withstand higher temperatures thean the other thermoplastic
materials and by use of optimum fillers may be useful in bearings at
elevated temperatures.

3. Carbon-Graphite

The carbon-graphite blended materials impregnated with polytetra-
fluorocethylene exhibited tte loest friction and wear values. Unfortunately,
additional tests indicated that the carbon-graphite materials do not have
the necessary mechanical strength for ball bearing retainers. These
materials will continue to be evaluated for lubrication in bearings but .
not as a structural member such as a ball bearing retainer.

L. Other Thermoplastic Materials

Polychlorotrifluorcethylene, polypropylene and chlorinated poly-
ether exhibited excessive friction values because of the lack of a
lubricant filler,
III. FRICTION AND WEAR STUDIES ON DRY POWDERS

A. Test Procedure For Dry Powders

The wear and friction characteristics of dry powders were
evaluated by using them as lubricants between two rubbing specimens
made of bearing steels, Prior work had shoyn that graphite and moly-
bdenum disulfide powders provided effective lubricstion between metal
surfaces under certain dry conditions. Tf these presently used dry
povders or new improved powders could lubricate effectively at high tem-
peratures in an inert atmosphere, they could be used directly as lubricating
powders or be incorporated in sintered or powdered metals to provide self-
lubricating bearing components. These componente would have the necessary
mechanical strength as well as being thermally stable,

For the dry powders to provide lubrication of metal surfaces,
the particles must adhere tenaciously to the metal surfaces and the
particles must also slide or shear easily in the direction of motion. To
evaluate the ability of the powders to lubricate, screening tests were
conducted in the Hohman tester using the test procedure similar to
that for the eveluation of the plastic materials. All powders




were tested in a nitrogen atmosphere as.lubricants between an M-10 tool
steel rotating disk and an M-10 tool steel or BG 42 stainless steel test
block at a sliding velocity of 230 ft./min. (64O rpm) and a load of three
pounds (approximately 150 psi for a scar width of two mm). Tests were
conducted at 1000°F and/or 160°F and were of 10 minutes duration under
stabilized conditions.

The test powder was contained in a reservoir and was fed by
gravity flow through a 1/8" 0.D. tube to the area of contact of the disk
and block. Continuous flow of the powder was obtained by using a solenoid
operated agitator in the powder reservoir. The flow rate of powder was
approximately .005 cc/minute. The test was of sufficient duration to
determine the friction and lubricating characteristics of each material,
In some cases, two minutes were required before the test readings became
steble. Higher flow rates of powder provided an excess that would pack
in the wedge formed by the disk and block and tend to produce erratic

‘friction values,

B. Selection of Materials

The properties of approximately 200 compounds described in the
.iterature or studied by previous investigators were reviewed and 35 of
he most promising dry powders on the basis of melting point temperature,
hardness and crystalline structure were selected for further study. Prior
<o test, calculations were made to find the amount of energy released in
~he hypothetical reactions of these 35 promising dry powders with irom,
nickel and cobalt to determine the probability of forming & desirable
reaction product on the metal surface. Of these promising materials, a
group of 27 was selected for testing. These 27 materials are listed in
Teble III.

C. Test Results

Significant differences existed in the ability of the various
powders to provide low friction and prevent high wear of the metal surfaces.
The average wear and friction values for the powders evaluated are shown in
Table III. The variations in friction during the test runs are showm by
the curves in Figures 15 to 34. A comparison of the data is presented in
the swmmary chart on Figure 35, Molybdenum disulfide, graphite, antimony
trisulfide, tungsten diselenide, and molybdenum diselenide powders were
found to be the b~3t lubricants. All the five powders exhibited low wear
except graphite at 10000F and all exhibited low friction except graphite
at 1000°F and antimony trisulfide at both temperatures., Each of these
lubricants except graphite provided the same respective degree of lubrication
for either ccombination of M-10 tool steel or BG L2 stainless steel rubbing
against the M-10 disk under each test condition.
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1. DMolybdenum Disulfide

Molybdenum disulfide exhibited a range of friction values when
used as a lubricant between the twe rubbing metal surfaces at 160°F, Tt
was noted that even without a continuous film between the metal surfaces,
the coefficient of friction ranged between .03 and .09. Wear on the metal
surface of the test block was in the form of & polished area rather than
a scar arca. Little difference was noted in performance of the powder at
1000°F or 160°F. Several tests were made in air at 1000°F and 160°F, At
1000°F, the coefficient of friction was .50 with & corresponding wear value
of 1.0 mm. During these tests the delivery tube was not cooled and most of
the MoS,; had been converted to MoQs. -Tests at 160°F in air gave equivalent
values to those lested in the nitrogen atmosphere at the ssmz temperature,
During all of the tests, the molybdenum disulfide powder had a greater
tendency to pack in the reservolr and delivery tube than any of the other
povders.

2. Carbon

The carbon was in the form of graphite powder and had similar
friction and wear values when compared to MoSo at 160°F; but both higher
friction and wear values vwhen compared to MoS, at 1000°F, Even though
graphite is known to cause higher values of friction and wear of rubbing
metal surfaces in a dry environment, it was i{ncluded in these tests as a
comparison with the other powders. Grarhite later was used as a lubricant

in the sintered composites.

3. Antimony Trisulfide

Antimony trisulfide exhibited higher friction values with wear
rates almost equivalent to MoDp under similar test conditions. The powder
melted at 10009F and formed an adherent silver colored film on the metal
surfaces. It was found that an extremely small amount of powder, less
than any of the other powders tested, provided adequate lubrication.
Additional tests showed no difference in friction or wear values at 160°F
whether the antimony trisulfide was used as a powder or as & coating on
the test block., The antimony trisulfide later was used to impregnate
porous cobalt alloy tcst blocks.,

i, Tungsten Diselenide and Molybdenum Diselenide

} These powders exhibited extremely low friction and wear values in

the sliding tests in both the 160°F and 1000°F test runs. A thin tenacious
film was formed on each of the rubbing surfaces which provided excellent
lubrication under all conditions of test. The annealed WSep powder exhibited
slightly different friction values than the unannealed powder. The unannealed
WSeo powder (Figure 30) was heated in an oven in an inert atmosphere to make
the annealed WSep powder by changing the structure from turbostratic to
crystalline. The oxidation stability eand melting point of WSep are not clearly
defined, but they appear to have better properties than those of MoSp.

5. Silver Iodide
Silver iodide exhibited low wear hut rather high friction values

in the 1000°F and 160°F test runs. At 1000°F, the silver {odide meited and
etched the tool steel but not the stainless steel test block.
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vere tested in a nitrogen atmosphere as lubricants between an M-10 tool
steel rotating disk and an M-10 tool steel or BG 42 stainless steel test
block at a sliding velocity of 230 ft./min. (640 rpm) and a load of three
pounds (epproximately 150 psi for a scar width of two mm), Tests were
conducted at 1000°F and/or 160°F and were of 10 minutes duration under
stabilized conditions.

The test powder was contained in a reservolr and was fed by
gravity flow through a 1/8" 0.D. tube to the area of contact of the disk
and block. Continuous flow of the powder waa obtained by using a sclenoid
opereated agitator in the powder reservolr. The flow rate of powder was
approximately .005 cc/minute. The test was of sufficient duration to
determine the friction and lubricating characteristics of each material.
In some cases, two minutes were required before the test readings became
stable. Higher flow rates of powder provided an excess that would pack
in the wedge formed by the disk and block and tend to produce erratic
friction values.

B, Selection of Materials

The properties of approximately 200 compounds described in the
iiterature or studied by previous investlgators were reviewed and 35 of
the most promising dry powders on the basis of melting point temperature,
hardness and crystalline structure were selected for further study. Prior
%0 test, calculations were made to find the amount of energy released in
~he hypothetical reactions of these 35 promieing dry powders with ironm,
nickel and cobalt to determine the probability of forming a desirable
reaction product on the metal surface. Of these promising materilals, a
group of 27 was selected for testing. These 27 materiels are listed in
Table III.

C. Test Results

Significant differences existed in the ability of the various
powders to provide low friction and prevent high wear of the metal surfaces.
The average wear and friction values for the powders evaluated are shown in
Table III. The variations in friction during the test runs are shown by
the curves in Figures 15 to 34. A comparison of the data is presented in
the summary chart on Figure 35. Molybdenum disulfide, graphite, antimony
trisulfide, tungsten diselenide, and molybdenum diselenide powders were
found to be the best lubricants. All the five rowders exhibited low wear
except graphite at 10000F and all exhibited low friction except graphite
at 1000°F and antimony trisulfide at both temperatures. Each of these

lubricants except graphite provided the same respective degree of lubrication

for either combination of M-10 tool steel or BG L2 stainless steel rubbing
against the M-10 disk under each test conditlon.
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6. Miscellaneous Powders

Many of the other compounds éxhibited fair wear characteristics
but excessively high friction characteristics when used to lubricate
the rubbing metal surfaces. Materisls such as boron nitride, potassium
titanate, end rubidium diantimonide exhibited both poor wear and friction
characteristics at the 1000°F test runs.

D. Crystal Structures

The symbols and nomenclature of the dry powder crystal struc-
tures used in this discussion and Table III are described in W. B. Pearson's
book, "A Handbook of Lattice Spacings and Structures of Metals and Alloys".

Graphite is composed of parallel sheets of closely grouped
carbon atoms. The distance between the sheets is rather large as a
result of weak bonding forces. One theory of graphite lubrication
based on experiments dealing with intercalation compounds and the
effect of vapors on lubricating properties, suggest that /7 electrons
that are not used in the valence bonds between a carbon atom and its
three close neighbors may also be involved in interplanar bonding.
Such electrons can react with materials to form graphite intercalation
compounds with grossly extended interplanar distances. Water vapor or
certain other gaseous materials are reguired for graphite to be a
lubricant. These materials react with graphite with a resultant
lessening of interplenar bonding and lower shear resistance or abrasive-
ness of the graphite. Molybdenum disulfide does not suffer this dis-
edvantage and will lubricate in a dry atmosphere. Molybdenum disulfide
has a planar structure but all the electrons are accounted for in bonding.
The structure perpendiculer to the planes of sulfur atoms and parallel
to the hexagonal c¢ axis may be represented as shown in Figure 36.

Around each Mo etom is u trigonal prism of sulfur atoms
resulting from the d“sp hydridization completely filling the Mo &
shell. The Mo atoms are stacked in the sequence AB AB or the hexagonal
sequence. FEach sulfur plane is in closest packing (i.e., each sulfur
is surrounded by six sulfur neighbors in the plane; only two sulfur
neighbors are shown on the figure).

A few other materisls have the MoSp C7 structure - MoSep,
McTen, WSy, WSep and all should have good lubricating properties.
Several of these materials mede by the Chemical Department of the
Westinghouse Research Laboratories as part of another development
progrem were tested in Phase I. MoSep and WSez were shown to have
superior lubricating properties to MoS,, heretofore the best per-
forming solid lubricant. Since the lubrication results are, in fact,
identical for MoSep and WSep it appears that the improvement comes
about as a result of the substitution of 3e for S rather than as a
result of the tungsten substitution.
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When WSep and MoSep are formed at low temperatures (700°C)
an irregular structure results. The x-ray patterns of these materials
show sharp hkO and OO0l lines, but extremely diffuse hkl reflections.
This indicates well ordered planes stacked in a parallel menner above
one another, but in which there was otherwise little order between one
plane and the next. The effect is that of a spilled deck of cards.
The extreme case of this type of disorder is the turbostratic structure,
typical of low temperature carbons where hkl lines are completely absent.
A less extreme situation would be & large concentration of stacking
faults where both hexagonal AB AB and rhombohedral ABC ABC stecking co-
exist. More refined measurements would be needed to completely clarify
the state of disorder. When tungsten diselenide is annealed at 1200°C
ordering of the crystal lattice of the normal CT structure results as
indicated by sharp x-ray lines., The ordered material viewed under the
microscope could be seen to be made of typical plate-like hexagons while
the disordered material is amorphous to columnar.

These materials have comparahle stability limits to MoSg which
melts at 1185°C. WS, is reported to decompose at 1250°C and WSe, was
found to be stable to at least 1200°C, WSep is reasonably stable in
vacuum as evidenced by the lack of & mirror dgpoait from a sample heated
at 520°C for 5 minutes in & vacuum of 1 x 10°° mm Hg. Platinium and
nickel telluride, PtTep and NiTep, (CdIp structure) were tested and
found to be poor lubricants. This is in spite of the fact that a double
Van der Waal's layer is present in these crystal structures. The stacking
arrangement is shown in Figure 36, The non-metal double layers across
vhich Van der Waal's forces which are operative, are identical to the MoSp
cese. There are, however, two differences between the CdIp, C6 structure
and the MoSp, CT structure. The metal 1s octahedral coordinated in the
C6 casz and surrounded by a trigonal prism in the CT case. The stacking
sequence of metals is A-A-A in the CO case and A-B-A in the C7 case.

The NbSep structure was originally expected to be of the Cl9
type in analogy to NbSp. Instead it was found to ve of the C27T type
analogous to TaSp B structure, The parameters for the hexagonal cell
were found to be a = 3.443 A® and ¢ = 12.54 AC. Here the stacking of
the metals are AB AB like MoS2, but the cocordination of the metal is
octehedral like CdI,. Since the material was found to be a good lubricant,
the conclusion is that coordination of the metal is unimportant but that
the A-A-A chain-like stacking of metals is unfavorable to lubrication.

A new class of lubricants of the type GaTe have been found.
Their properties are explainable in the same terms. Included in this
cless are GaSe, GaS, InSe, and InS. In GaTe the net 42 charge per Ga
comes through a (Ga - Ga)** single bond. The structure is believed to
be related to the MoSs type with each Mo being replaced by a Ga - Ga
pair directed along the c axis.
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IV. FRICTION AND WEAR STUDIES ON COMPOSITES AND ALLOYS

A. Test Procedure

Self-lubricating materials other than plastice must be con-
gidered for ball bearing retainers when the operating temperatures in
the space environment exceed 500 ¥. As part of Phase I therefore,
screening tests were made on various material composites and selected
alloys to determine their wear and friction characteristics when
sliding on bearing steels, The tests were conductel in a Hohman tester
using the same test procedure as that for the evaluation of the plastic
materials, except for the test temperature. Mozt of the tests were made
&t a sliding velocity of 230 ft./min. (640 rpm) with approximately T0%
of the tests being repented at a cliding velocity of 460 ft./min (1280
rpm). A temperature of 1000 F was selected for all runs for t.o reasons:
(1) the materials should be capable of operating, if only for short
periods of time, at this elevated temperature, (2) the amount of mcisture
or water vapor he @ minimum on or in the vicinity of the block surfaces.
The dry nitrogen reduced formation of oxldes and thus the wear debris
formed during the test would be somewhat similar to that occurring in
bearings at clevated temperatures in & space environment. It may be
possible that a nitride was formed, minor difference in work hardness
of the debris occurred, or a small amcunt of oxide was formed due to
oxygen traces in the commercially obtained liquid nitrogen used to provide
N2 gas. The flow rate of nitrogen through the Hohman tester was two
liters per minute. The amount of oxygen contained in 120 liters of
nitrogen during the one hour test run was approximately 0.00L liter.
Since these were screening tests, only the bulk effect of friction and
wear properties was being determined for selection of materials to be
evaluated in ball bearings in the space chamber.

B. Selection of Materials

Many composites were made using various powdered lubricants
and powdered metals. The lubricants used were carbon-graphite, antimony
trisulfide, iron sulfide, zirconium chloride and zinc sulfide. The
powdered metals used were ilron, nickel, stainless steel, and cobalt
alloys. A ceramic materiul, zirconium boride, was also included in this

test series.

Some of thc composites were impossible to make and othere
were made with extreme difficulty., Composites made by various organizationms,
and chown in the following list, were not successful because of cracking
or formation of gas in the specimens. The specimens were pressed green
at various pressures and then partially sintered at different temperatures
for various periods of time, Some were coined, others were not.
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Lubricant (% By Vol.) Metal (% By Vol.)

SbpS3 20 Fe 80

Sb253 10 Fe 90

FeS 20 Ni 80

srcl 10 Fe 90

ZnSs 20 Ni 8o

¢ 4o Fe-Cr Alloy 60
(Type 304)

C 20 Fe-Cr Alloy 80
(Type 304)

¢ 10 Co Alloy 90
(stellite 31)

c 15 Co Alloy 85
(stellite 31)

c 30 Co Alloy T0
(stellite 31)

None CrCo Alloy 100
(Rexalloy 33)

C 35 CrCo Alloy 65
(Rexalloy 33)

cds 16 FeCr Alloy 84
(Type 316)

Carl 16 FeCr Alloy
(Type 316)

The composites which were successiully made by various organizations
for test are listed in Table IV. The list alsc includes the sintered,
wrought and cast alloys which were evaluated and compared to the com-
posite materials. Both 3/8" diameter x 1" long and 2" dismeter by 2"
long cylinders were made. The Ford materials contalned a small percent
of calcium-silicide additions to decrease the surface tension of the
liquid metal and improve the vwz:tting of graphite.

Cylinders of varylng porosities (54% to 87% of theoretical density)
were made using Stellite alloy No. 1 powder, These materials were
pressed at various pressures into green specimens and sintered successfully
using large size particles and a modified processing technique.

C. Test Results

The wear and friction characteristics determined for the various
composite and slloy materials rubbing against M«10 tool steel or lesco
BGh2 stainless steel are listed in Table V. The variations in the friction
values during the test runs are shown on Figures 37 to 60. A comparison
of t.e wear and friction characteristics of the composites and alloys
are shown in the summary chart, Figure 61.

1. Iron Composites

The iron-graphite composites exhibited a range of coefficients
of friction that varied with the iron and carbon content and speed. At a

I-10




gliding velocity of A0 ft. min. the friction value wes lower then that
at 220 ft.,min. No apparent explanation is available because only the
iron-graphite composites and Fe-Mo-Co (Clevite 300HT) exhibited a signifi-
cant difference in friction when evaluated at two different sliding
velocities. In general, the friction force was lowest when the iron-
graphite composite contained 40 to 60% graphite uy volume. The iron
composite materials did not exhibit constant friction values during

the 60 minute tests. No conclusive correlation could be made between
the variation of friclion and of wear. Clevite 300HT, primarily in-
tended for use in an oxygen atmosphere, exhibited friction values at
46O ft.;min. and wear values at both 46C ft.;min. and 230 ft./min., in
the same range as those of the iron-graphite composites.

2. Nickel Materiuls

The friction values of nickel-graphite composites varied more with
a change in graphite content than did the iron-graphite materials. Both
the plain and coined 307 nickel - 70% graphite composites along with the
coined 20% nickel - 304 graphite composite exhibited friction values
consistently below .03. A4fter a few minutes run in, friction was
steady indicating continuous lubrication for the remainder of the test.
This includes tests which were conducted at a temperature of 1G60°F.
Wear for the threc best nickel-graphite composites was rather high
but comparable to some of the iron-graphite composites. As the nickel
content increesed, a corresponding increasce was noted in the rubbing

friction value.

The addition of other materials such as zirconium chleride or
zinc sulfide to the nickel powders was attempted even though these
materials were unstable or reactive with the nickel at the high coining
temperature. 2rCl was chosen because it had been used as a powder lubricant
at temperatures below 300°C. 2nS was selected because of the low hard-
ness of the Zn and the possible lubriceting film obtained from the sulfide,
similar to the film formed in extreme pressure fluid lubrication.

Friction tests showed that the composites made with Z2nS or zZrCl
adversely affected the coefficient of frietion and also preduced aigh
wear. Analysis of the test specimens using x-ray diffraction revealed
that the Ni-ZrCl ccmposite contained § to 10% Z2r0p. The Ni-ZnS, com-
posite contained 5 to 10% ZnSo. Trace amounts of unknown compounds
werz also found which must have resulted from a reaction of the com-
posite end the container used in melting the sample in the furnace.

Pure nickel and two nickel alloys, Inconel X (Ni-Cr alloy with
aluminum and titanium used for precipitation hardening) and Nicrotung,
were evaluated for frictional and wear characteristics znd compared
to the nickel composites. A coefficient of friction of .70 was obtained
when the Inconel X block was tested rubbing against the M-10 disk.
The friction value of Nicrotung was .32 and was similar to that of pure
nickel. Wear of the nickel and the nickel alloys was comporable to wear of
the best composites of nickel-graphite.
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geveral of the nickel-graphite composites were tested at 160°F
for o comparison with results at 1000°F. Friction was observed to be
similar at a sliding velocity of 230 ft./min. for composites shown in
Firures hha, U5a and b and #6a and b. ilowever, wear was significantly
reduced to general values between 4.0 and 5.5 mm, a significant reduction
when compared to the same materials tested at 1000°F,

3. Cobalt Materials

Although cobalt composites containing graphite were difficult
to produce, separate tes: specimens of 307, 194 and 50% graphite were
made along with other specimens containing 85 or 93} of zirconium boride.
Cobalt sintered alloys with different porosities were made. Two of the
sintered porous cobalt alloys after grinding to size were impregnated
vith antimony trisulfide. The results of all the cobalt bloeck tests
showed that the Co-alloy (317) impresgnated with antimony trisulfide
exhibited the lowest friction wvalues and an equivalent wear value when
compared to the other cobalt materials. The coefficlent of friction of
the Co-alloy 317 "as sintered" was twice that of the impregnated 317
material. Porosity of the "as sintered" materials had little effect on
friction or wear. The 50% Co-50) Carbon composite, Figure 54, had the
lowest friction and was eyuivalent in wear rate to the other cobalt
composites., A similar composite 517 Co alloy 497 Carbon,Figure 5k,
made by & different technique had a high coefflclent of friction but a
gimilar wear rate, Wear of all the cobalt materials was similar and
was lower than any of the other materials tested except the stainless
alloys. The best cobalt-graphite composites had hipher friction values
than the best of the Ni-graphite composites (305 Ni - 70% C and 20 Ni ~
805 ¢) and the Fe - C composites (tested at 230 ft./min,). The cobalt
composites containing 805 or 907 of zirconium btoride had a high co-
efficient of friction but low wear., The cobalt alloy, Stellite 31,
Flgure 56b had a hipgher friction value than eny of the sintered alloys
or sintered composites materials excepting sintered alloy 150-1 and
the cobalt-circonium boride composites.

L, Sstainless Steels

A group of 847 Fe-Cr alloy 1G) graphlte Figure 57a, 58% Fe-Cr
alloy - 42% potassium titanate compesites, were made and comparcd to
four Feo-Cr alloys, lLesco BGh2, Iesco BFlO, Iesco BGll, and type 304
stainless. The friction values for the steel-graphite composites were
similar to thet of the best stainless steel wrought alloy, BGh2., The
fri-tion of the stainless stecl-potassium titanate was extremely high.
During storage after test, a whitish-ycliow dust continued to exude from
the test specimen., An anolysis of the powder using x-ray diffraction
techniques revealed the material to be clemental potassium. The friction
and wear of BG42 in an Argon atmosphere was similar to the values obtained
in a nitrogen atmosphere.
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V. CONCLUSIONS

1. Solid dry materials were successfully evaluated for wear and
friction characteristics in a dry nitrogen atmosphere under loads and
sliding velocities simulating the conditions of retainer components or
dry powder lubricants used in ball bearings for 2 to 7 HP electric
holst motors.

2. Of the thermoplastic and carbon materials evaluated, the poly-
tetrafluoroethylene impregnated carbon-graphite and the polytetrafluoro-
ethylene reinforced with glass fiber and filled with molybdenum disulfide
powder exhibited the most satisfactory friction end wear characteristics.
However, the impregnated carbon-graphite materials must be excluded from
consideration as bearing retainer components in this program because of
insufficient impact strength.

3. Molybdenum disuifide, molybdenum diselenide and tungsten
diselenide powders exhibited satisfactory friction and wear character-
iatics when used to lubricate bearing steels sliding on each other,
Graphite was also & satisfactory lubricant but exhibited higher wear
than the three aforementioned powders at 1000°F. Metal surfaces lubricated
with an antimony trisulfide exhibited low wear and friction characteriatics
when either the dry powder or the powder in the molten state or solidified
state was used,

L, Many composites were found to have either desirable weer or
friction characteristics but no one composite exhibited both low wear
and low friction values. Of the iron, nickel cobalt or iron-chrome
metal based composites a LO% iron - 60% carbon (carburized), a 204 nickel -
80% carbon (coined) and porous cobalt base alloy impregnated with antimony
trisulfide show sufficient promise for further evaluation in Phase III
bearing tests. Amodified stainless steel alloy Lesco BG 42 shows sufiicient
merit to also be included in the bearing evaluation.
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TABLE ITI

WEAR AND FRICTION CHARACTERISTICS OF
PCOWDERS IN A NITROGEN ATMOSPHERE N :

Powders used as lubricant between BG 42 or M-10 biock rubbing
on M=10 disk at sliding velocity of 230 feet per minute

Curve Powder Ave. Ave.

Reference Test Melting* Crystal Test Coef'. of Wear#* Block

(Fig. No.) Powder Paoint (°C) ytructure Temp.(°C) Friction (mm) Material
158 MoSgo 1185 Hex. Dgh 1000 .05 P M-10
158 MoS ., 1185 Hex. Dgh 1000 .0l b2 DG b2
150 MoS, 1185 Hex. Dy 160 .03 P N-10
15b MoS, 1185 Hex. Dgh 160 .03 P BG k2
16a Graphite 36523 Hex. Dgh 1000 .10 0.5 BG L2
100 Graphite 36525 Hex. Dgh 160 Ol 0.2 BG L2
17a Caso, 685 Rhombic vi7 1000 .54 0.2p M-10
17a Caso, 685 Reombie Vil 1000 .52 0.2P BG L
175 CaSo, B35 Rhoribic vi7 150 47 0.2F BG b2
T cuso; 55 Reonbie V)1 160 .35 0.20  M-10
18a Rusb, - ortho Dgi 1000 L2 1.2 BG L2
13b BN 30005 Hex. D}, 100G 67 2.0 BG 42
iya PLCroy, Duh Manoel . Dgh 1000 .25 3.5 M-10
19 PbCrO, 8uly Momocl. D3, 1000 .31 0.6 BG 42
Lyb PoCTO), Bisly Monocl. D3, 160 .21 0.2P M-10 ‘
13b PLCTOY 8ul Monoel. D3y 160 21 0.2P  BG 42
20a ~ PbS 1120 Cubic Dg 1000 .28 0.2P M-10
20a PbS 1120 Cubic Dg 1000 .28 1.3+ BG U2
20b PbS 1120 Cubic Dg 160 .37 c.2p M-10
20b PoS 1120 Cubic Dg 160 42 0.5 BG 42
2la 50,8, 550 Rnombic DX 1000 12 0.2p  M-10
2la 55,5, 550 Rhombic D%g 1000 .10 0.2P BG L2
21b Sb253 550 Rhombic Dég 160 L1k 0.2p M-10
21b SbyB 4 550 Rhombic Déﬁ 160 i 0.2P BG L2
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TABLE III (Continued)

Curve Powder Ave. Ave.

Reference Test Melting®* Crystal Test Coef. of Wear®#* Block

(Fig. No.) Powder Point (°C)  Structure Temp.(°F) Friction (mm)  Material
220 Mgso), 112k Rhombie 1000 .5 0.2 M~10
22a MgSo, 1124 Rhombic 1000 45 0.6 BG k2
22t Mgs0y, li2k Rhombic 160 .31 0.2p M-10
22b Mgso, liz2h Rhombic 160 .5 0.3 BG L2
23a BeF, 1280 Cubic 0f 1000 .53 1.1 M-10
23a BeF, 1280 Cubic 07 1000 .50 0.9 BG L2
23b BeF, 1280 Cubic 0 160 .25 0.6 M-10
236 BeF, 1280 Cubic Of 160 .21 0.6 BG 42
2ha Agl 5524 Hex. CBy 1000 22 0.2P++  M-10
2la Agl 552d Hex. CB 1000 .19 0.2P++ BG 42
2kb Agl 5524 Hex. sz 160 A7 0.2p M-10
2hb Agl 5524 Hex. cgv 160 L2 0.2P+ BG 42
258 AgBr L34 Cubic Of 1000 .31 0.2P  BG k2
250 KT104 - 1000 .84 2.4 BG k2
26a MnTe 500 Hex. n‘gh 1000 .28 1.2 BG k2
260 MnSe 700 Cubie 07 1000 .31 1.7 BG k2
27a NiTe, 700 Hex. ngd 1000 .20 1.4 BG 42
276 PtTe, 700 Hex. ng 1000 b7 0.7+++ BG 42
2Ba FeTe, 700 ortho D32 1000 .31 1.3 BG 42
28p GeTe 821 Hex. 1000 .21 0.2 BG L2
2% OsTe, 600 Cubic frg 1000 .33 2.1 BG 42
29 cacly Cubic 1000 .17 0.6+ BG 42
30a WSes(519P) 1200 Hex. D‘gh 1000 .03 P M-10
30n WSe,(519P) 1200 Hex. D]gh 1000 .02 P BG 42
30b WSe2(519P) 1200 Rex. n’éh 160 .02 P M-10
30 WSe,(519P) 1200 Hex. Dgh 160 .03 P+ BG 42
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TABLE 1IT (Continued)

Curve Powder Ave. Ave.
Reference Test Melting Crystal Test Coef. of Wear#¢ Block
(Fig. No.) Powder Point (°C)  Structure Temp.(°F) Friction (mm)  Material . |
a GaTe(615P) 82L Hex. 1000 .13 P M-10 '
3la GaTe(619P) 82k Hex. 1000 b P BG U2 *
31b GaTe(619P) 82k Hex. 160 .35 P M-10
31b GaTe(619P) 8ah Hex. 160 .13 P BG 42
328 MoSee(SSIY) 1200 Hex. D’gh 1000 .03 P M-10
32b MoSes(551Y) 1200 Hex. 1)‘6‘h 160 .02 P M-10
33a NbSep( 547M) 800 Hex. 1060 .07 0.2P M-10
annealed
33b NbSey (547M) 800 Hex. 160 .06 P M-10
annealed
ha Wse,(544J) 1200 Hex. Dgh 1000 .0k P M-10
annealed
Wb WSep(ShhI) 1200 Hex. DY 160 .06 P M-10
annealed

+Powder ceased to flow during test run
++Powder melted
+++Test ended after five minutes

*Letter "S" indicates material sublimes rather than melts
*Letter "P" indicates surface was polished rather than scarred
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TABLE V

WEAR AND FRICTION CHARACTERISTICS OF COMPOSITES
AND ALLOYS IN A NITROGEN ATMOSPHERE

Materials evaluated as test blocks rubbing againat
a roteting M-10 tool steel disk for a one hour test pericd

Curve Material Sliding Ave. Total
Reference Compositions Veloclity Coef. of Wear
(Fig. No.) (% by Vol.) (ft/min) Friction (mm)
37a B84 Fe - 16 C 460 .28 7.2
37a 84k Fe - 16 C 230 .32 7.4
37b 70 Fe - 30 C 460 .19 7.0
37b 70 Fe - 30 C 230 .23 6.6
38a 70 Fe - 30 C 460 .22 5.9
38a 70 Fe - 30 C 230 24 6.0
38b 65 Fe - 35 C 460 .18 3.0
38b 65 Fe - 35 C 230 .21 2.8
39a 50 Fe - 50 C HT 460 1k 4.0
3% 50 Fe - 50 C HT 230 .20 3.6
39b 50 Fe - 50 C 460 14 k.0
390 50 Fe - 50 C 230 17 3.6
Loe 40 Fe - 60 C HT 460 .09 3.4
LOsg, 40 Fe - 60 C HT 230 .18 3.7
40b Lo Fe - 60 C 460 12 4.0
40b 4o Fe - 60 C 230 .20 3.7
kla 30 Fe ~ 70 C HT 460 .13 h.2
hla 30 Fe - 70 C HT 230 .28 4.0
41b 30 Fe - 70 C 460 .21 4,2
Llb 30 Fe -~ 70 € 230 .25 3.9
L2a. 68 Fe - 18 Mo - 18 Co « Hp* L60 2k 3.4
42a 68 Fe - 18 Mo - 18 Co - HI* 230 b 2.9
L2b 68 Fe - 18 Mo - 18 Co (in Argon)* 460 .20 2.8
42b 68 Fe - 18 Mo - 18 Co (in Argon)* 230 - -
L3a 65N - 35C 460 - -
43a 65 N1 - 35 C 230 .33 10.2
L3p 60 Ni - O C u60 .28 .3
43b 60 Ni - 4O C 230 .30 15.8
Lla 50 N4 - 50 C (C) 460 .25 10.0
Lla 50 Ni - 50 ¢ (C) 230 .25 11.0
Ly 50 Ni - 50C h60 .30 17.1
Lib 50 Ni - 50 C 230 .28 15.2
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TABLE V (Oontinued)

Qurve Material
Reference Compositions
(Fi1g. No.) (% by val.)
L5a, ko Ni - 60 ¢ (C)
Lsa 4o Ni - 60 ¢ (C)
L5b 4o Ni - 6 C
131 bonNi - 60 C
L6a 30N - 70 C (C)
L6a 3081 - 70 ¢ {C)
L6b 30N -70C
L6b 30N -T70C
L7a 20NL -80cCcC
L7a 20N -80¢C¢C
L7b 20 N1 - 80 ¢C
470 20N1 -80¢C
48a 81 NL -192n8
48a 8l Ni -192n8
48s 65 N4 - 35 2n 8
48y 65 NL - 352n 8
49a, ‘4 NL - 26 Zr 1
L9a T4 N4 - 26 2r CL
Lop [
49p Niw*
50a 76 N4 - 15 Cr Alloy*
50a 76 Ni - 15 Cr Alloy*
50b 6). N1 - 12 3 Alloy*
50b 61 Ni - 12Cr Alloy*
51a Co Alloy 313 - Porous
5la Co Alloy 313 « Porous
51b Co Alloy 313 - Porous Sb283 Coating
51b Co Alloy 313 - Porous SbyS3 Coating
52a Co Alloy 150 C - Porous
52a Co Alloy 150 C - Porous
52b Co Alloy 317 - Porous
52b Co Alloy 317 - Porous
538 Co Alloy 317 - Porous Sbz8; Coating
53a Co Alloy 317 - Porous SbpS3 Coating
53b 70 Co Alloy - 30 C
53b 70 Co Alloy - 30 C

I-23

Sliding Ave. Total

Veloclity Coef. of Wear

(fi/min) Friction (zmn)
460 .20 1.0
230 .18 9.k
460 .23 4.1
230 22 12.0
L60o .10 11.0
230 .07 6.5
460 .12 9.0
230 .07 6.9
460 .06 5.3
230 .05 6.0
460 .07 6.1
230 09 6.6
460 45 10.7
230 - -
k6o 42 9.6
230 - -
460 J2 10.2
230 - -
460 3 2.6
230 - -
460 .70 5.1
230 - -
460 27 4.0
230 .31 3.4
460 - -
230 .34 2.9
460 - -
230 .28 3.0
460 - -
230 46 2.4
460 - -
230 .38 2.1
‘&50 - -
230 .15 2.1
460 .28 2.5
230 .28 3.3




Curve
Reference

!Fig. No.z

54a
Sha

5kb
54b

558
5%

55b
550

56a
56a

56b
56b

57a
57a

57b
5Tb

58a
58a

58b
58

59a
59a

590
595

60a

TABLE V (Continued)

Material
Compositicns

gg by Vol.z

51 Co Alloy - L9 ¢
51 Co Alloy - k9 ¢
50 Co Alloy - 50 C
50 Co Alloy - 50 C

15 Co - 85 ZrBr
15 Co -~ 85 2rBr

7 Co - 93 ZrBr
7 Co - 93 2rBr

Co Alloy*#
Co Alloy##

Co Alloy*
Co Alloy*

60 Fe-Cr Alloy - 40 ¢C
60 Fe-Cr Alloy - 40 ¢

58 Fe-Cr Alloy - 42 K'l‘103
58 Fe-Cr Alloy - 42 KT103

Fe-Cr Alloy DGl6ww
Fe-Cr Alloy BOL6%+

Fe-Cr Alloy BGllw#
Fe~Cr Alloy B@lls#

Fe-Cr Alloy BCh2ww
Fe-Cr Alloy BOU2##

Fe-Cr Alloy BGu2## Argon;
Fe-Cr Alloy BGk2¥* (Argon

Fe-Cr Alloy (Type 304 )w#

*Composition on & % by wt. basis
**Deposited, cast or wrought alloy

1-24

Sliding Ave. Totel
Velocity Coef. of Wear
(ft/min) Friction (om)
460 .30 2.8
230 - -
460 .22 2.2
230 .22 2.5
460 - -
230 b8 1.2
L60 - -
230 R 1.6
460 .37 2.9
230 .38 2.7
460 .38 1.9
230 .39 1.9
460 .21 5.1
230 .23 4.6
L6o - -
230 31 2.7
460 .39 1.7
230 Ay 1.7
k60 3 5.1
230 .27 4.2
460 .23 1.5
230 .28 1.2
460 24 2.3
230 .21 1.5
460 .7 -1.0 7.7




N

FIGURE 1

CLOSE UP OF WEAR AND FRICTION TESTER USED
TO EVALUATE DRY MATERIALS
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Curve
Ref,

‘Fi!. No.z

R Ty S N L gy e T 12

Test
Material

Kylon + LOk MoSy
Nylon + Lok MoSz
Nylon + LOf MoS;
Nylon + LO§ MoSp

PTFE + Mica

PITE + Mica
Ceramic
Ceramic
Ceramic
Ceramic
GF* + MoSp
GF + MoSp
QF + MoSz
ar + MoSp
Glass Cloth
PTFE + Glass Cloth
PIFE + Glass Cloth
PITE + Glass Clouh
PTFCE###

PTFCE

Hard) + PTFE
Hard) + PITR
(Hard) + PTFE
Hard) + PITE
Med, Sz + PTFE

PTFE
PTFE
PTFE
PTFE
PTFE
PTFE
PTFE
PTFE
PTFE

4+ 4+t

Med. 8) + PIFE
Med. 8) + PTFE
(Med. 8) + PTFE
Polypropylene
Polypropylene
Polypropylene
Polypropylene
Chlor. polyether
Chlor. polyether
Chlor. polyether
Chlor. polyether

acaaoaaoaa

SUMMARY OF WEAR AND FRICTION DATA ON PLASTICS

Plastics evaluated as teat hlorcks rubbing against
s rotating M-10 tool steel disk in & dry nitrogen

atmosphere.,
Test 53‘:“"5 Coefficient of Friction Average Wear/mm
Temp., (ft./ [+] ol 2 3 N S 0 1.0 2.0 3.0 L4,
ll"__ M . 3 4 A 3 1 3 e 2 2 5
160 460 E— —
86 460 [ m——
160 230 Ssses—— -
86 230 See— ——
160 L60 —— —
86 460 — ——
132 230 — —
230 - —
160 “20 > 6% Failure
86 460 WIS £ Y Padlure
160 230 —S———————— 6 W8 Failure
8 520 —————eesmsme>, 6 W Failure
160 0 —— [r——— YL
86 460 S—— S
160 230 —— R
86 230 Sm— ————e—
160 Léo aammsan Sn—
86 u60 o ——— Ee——
160 230 R ]
86 230 e aa—— —
160 460 - —
86 L60 » E——
160 230 - ———
86 230 - ——
160 460 ————— SEEsE———————
86 w60 — EE—
160 230 S S = ]
86 23v SS S S S R———
160 460 SRS, C UE  TSITRREIRREASRGR | () W
86 230 e . 56 v SEEssseeessena T . 3 W
160 60 - -—
86 h6o - ——
160 230 L ——
86 230 » —
160 uéo L —
86 460 - —
160 230 = m—
86 230 - —
160 460 6w Failure
86 460 .6 " Failure
160 230 6w  Fatlure
86 220 >.6 w8 Faflure
160 460 D6 ™ Failure
86 460 26 W Failure
160 230 26 W Failure
86 230 —— 26 W Fatlurs

*PTFE designates polytetrafluorcethylene.
HGF designates glase fiber.
*HHPTFCE designates polychlorotriflucroethylene.

FIGURE 14
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Curve
Reference

gru. No.!
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15k
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208
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24b
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Material
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Casiy,
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Wiey
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T .
g:p

1000
1000
160
160
1000
160
1000
1000

SUMMARY OF WEAR AND ¢RICTION DATA WITH DRY PUWDERS

Powders were evaluated aa lubricants rubbing sgainst
various block materinlse and an M-10 tool steei diak
at a sliding velocity of 230 ft./min. in & dry nitrogen

atmosaphere,
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Coefficient of Friction
.1 .2 .3 . .5
A i ] 1 ]

BGk2

e

W
RF

24
)

il

2

|||I-| gang
]
3
:
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Average Wear/ma

o ok 08 1,216 2.0 2.4
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SCHEMATIC REPRESENTATION OF CRYSTAL STRUCTURES OF MoSp, Cdlp, AND MbSep

o METAL
O NON METAL

FIGURE 36
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I. INTRODUCTION

landling facilities are reguired in the positioning and
testing of space vehicles and other equipment in the large ground
vacuum chambers contemplated for the Arnold Air Force Station,
Tennessee. This program concerns the study of bearings and lubricant
systems for use in electric hoist motors operating in these ground
vacuum chambers under vacuum conditions similar to those of space
operation.

The initial program was divided into three phases. In
Phase I the wear and friction characteristics of various dry powders
and dry self-lubricating materials suitable for use in ball bearing
components were evaluated in a dry inert atmosphere. In Phase II
the selected materials from Phase I were subjected to a vecuum environ-
ment to determine the rate of outgassing of each material. In Phase
IIT the most promising self-lubricating materials of Phase IT will
be fabricated into retainers and evaluated along with dry powders in
20 mm bhall bearings gpcrating in_a vocuum chember at pressures in
the range of 1 x 10™ to 1 x 102 mm of Hg. Starts will be mede at
-60°F with actual bearing operation at temperatures ranging from smbient
to 1000°F. All tests will be made with a radial bearing load of 75 lbs.
and an axial bearing load of 5 1bs,

At the extremely lov pressure levels encountered in space and
also contemplated for simulation in a ground test facility, conventional
bearing lubricants evaporate or sublime causing lubricating films
to disappear with a resultant tremendous increase in surface friction
and wear of the ball bearings. Under such conditions, clean surfaces
when rubbing on one another in laboratory tests with apparently the
last monomolecular film layer removed have been known to cold weld.

In eddition, in an ultra-hipgh vacuum environment, the only natural
mechanisms of heat dissipation from a bearing are by radiation or con-
duction to contacting surfaces. This heat reservoir effect compounds

the problem, as lubricant evaporation is accelerated at higher bulk
temporatures., Some bearing materials have poor heat transfer character-
istics and will not dissipate the thermal energy over the entire bearing
surface but retain it at the localized areas where the asperities of

each material make contact.

In seiecling satisfactory dry self-lubricating materials and
dry lubricants for use in ball bearings, & knowledge of the vapor
pressures or outgassing characteristics is often of great importarce., It
is especially important to know the outgassing characteristics of lubricating
materials that may find possible use in bearings over a wide temperature
range in ground space chambers vhere the vacuum environment must be
produced to simulate ultra-high vacuums that exist beyond the earth's
recognized atmosphere. To be useful, the outsassing rate of the materials
must not exceed the provided pumping speed of the chamber at the desired
operating pressure.
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1r., TEST PROCEDURE

The object of the outgassing study was not only to find the
rate of gas 2volution of the materials but also to determine both
the molccular structure and quantity of each gos eveolved. The data was
ohtained over the known useful temperature range for the materials and
also at temperatures at vhich some of the materials exhibited large
thermal degradation rates. Several groups of materials were tested in
the "as received" state and again immediately after a twenty-four hour
"bake out” in vacuum at an elcvated temneraturae.

The outgassing tests vere carried out in a zirconia-quartz
vacuum furnace tube in which the sample was hceated. The goses evolved
from the sample werce collected in a threce liter flask, cooled to standard
conditions and tiien measurcd. Al'ter determining the total gas volume,
the gascs vere transferred to o mass spectrometer. The outgassing data
output from the spectrometer was processed through a Datatron computer
to provide the calculated nwl ﬁ oi’ cach gas [or the gases evolved from
each material. Figurce 1 is a photograph showing the mass spectrometer
cubical housing containing tie clectbeonic components, the spectrometer
magnet and tube, and the sample pumping system. Figure 2 shows the
2irconia-quartz tube with tihe vacuwm valve.

To conduct each test the sample wvas placed in the quartz end

of the yacuum furnace tube. The tube was evacuated tou a pressure of

1 x 102 mm of Iig and the zirconia end was placed in the {furnace. The
zirconia tube was heated te 1200°F-1300°F wihile pumping continued until
a negligible background vas obscrved durins periodic somnling of poses
rom the tube. By contuining tie somple in the cool quartz end of the
tube and by heating only the zirconia end, all background contomination
of' the tube could be removed. After a satisfactory backsround determ-
ination, the zirconia end of the tube wus cooled w:d the ~ample vas
transferred to the zirconia end by tipping the tube. The tube was again
placed in the furnace and the furnace adjusted to the test temperature.
The sample vas held at temperature in the furnace for 20 minutes. Tne
gas build-up in the zirconia tube ot the end of a 20 minute period was
transferred to the three liter [lask, measurcd arnd then analyzed using
the mass spectrorncter, In conducting the outgassing run at the next
higher temperoture, the sample was returned to the quartz end of the
vacuun tube, and the zirconia end again heated to 1200°F-1300°F until
the background was brougnht below the sensitivity of the mess spectrometer,
The tube was removed from vie furnace, cooled and the Lest sanple moved
to the zirconia end and heated to the next higuer temperature and the
outgassing of the sample at that tenperature wos determined. The
temperature level at cach outgessing test was dincreased in increments
of 100°F to 300°F until the mamime test temnerature was reached or
the sample decomposed as cvidenced by relatively larpge amounts of
outgassing.
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Selected plastic materials, dry powders and metal composites
were also evaluated in the outgassing tests to determine what gases
would be evolved from these materials after extended soaking periods in
a vacuum. The materials were given a "pre-bake out" at a specified
temperature for a period of 24 hours in the zireonia tube prior to
obtaining the outgassing data.
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III. OUTGASSING DETERMINATION OF PLASTICS

1. Sclection of Materials

Most of the plastic materials screencd in Phase I to determine
their respective friction and wear characteristics vere selected for
further evaluation in the outgassing tests. The materials evaluated
in Pnase II are listed in Table I. Two materials not run in Phase I
were included in the outgassing studies. The first material, unfilled
PTFE, was selected to give a comparison with that of the filled PTFE
material. The SOHT carbon-graphite material (containing no PIFE) vas
selected becouse of the possible indirect improvement in wear and
friction properties that the impregnants vere known to add to the carbon-
grephite. The test temperatures selected for the studies ranged from
160°F to 1260°F or a value where the thermal degradation of the material
occurred.

2, Test Results

Large amounts of gases were evolved from all the plastic
materials that were studied in the "as received" condition. The test
data is shown in Tatle II. Each of the gases is reported in mol ¢ of
the total gas evolved at each of the different temperatures. The
total quantity of gases evolved at 160°F from each of the materials
was below 0.03 cc/gram of sample for all except ceramic filled PTFE,
glass fiber-MoS, filled PIFE, and impregnated carbon-graphite. As
the temperature increased, contaminent goses were evolved in sufficient
quantity to mask the normel outpgossing expected of the material during
prolonged exposure to a vacuume.

Significant amounts of water vapor were evolved [rom each of
the materials except PTFCE. This is especially true of the filled PTFDL
and the filled and unfilled nylon materials, where the mol 7} of water ranpged
between 90 and 99 at temperatures up to 360°F. The PITE, carbon-graphite,
and polypropylene had a mol 7 of vater vapor ranging betveen 1£5 and 705
at temperatures up to 300°F.

Al of the materials evolved carbon dioxide or carbon monoxide
gas. Only PITE, PIFCE, graphite filled nylon and glass filled PTFE
contained nitrogen and/or oxygen. All of the materials except unfilled
PITE exhibited traces of one or more gases that were cutrapped in the
material during processing (molding of shapes). In the ceramic filled
PTIE, traces of sulfur dioxide, sulfur fluoride and methane were found. A
trace of unidentified hydrocarbons was found during outgassing at 760°F and
860°F., Glass fiber filled PIFE evolved traces of 80p, nitrogen and unident-
ified hydrocarbons. PIFCE evolved a significant amount of nitrogen with
troces of oxygen, arcon & unidentified hydrocarbons. The Carbon-graphite
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material evolved nitrogen, oxygen and unidentified hydrocarbons. Poly-
propylene released unidentified hydrocerbon and possibly nitrogen. A
seceond Purecarbon material containing an impregnant, released traces

of hydrogen, unidentified hydrocarbons, sulfur dioxide and possibly
nitrogen.

More meaningful outgassing measurements were obtained on the
plastic materials after they were decgassed or "prebaked out" prior to
the outgassing determination. In each of the tests for which datae is
shown ig Table III,the materials were baked in a vacuum Al a pressuwre of
1 x 107 mm of Hg for 24 hours at temperaturesof 360°F, 560°F or 760°F.
The nylon nmaterials were baked at 360°F to prevent thermal degradation
prior to the outgassing tests. The glass cloth filled PTFE was degassed
at a temperature of 760°F, All other materials were degassed at 560°F.

The volume of gases evolved from each of the selected plastic and
carbon-graphlite materials in the degassed condition was extremely low.
As noted in Figure 3, the rate of evolution of gas over the temperature
‘range of 160°F to 360°F for any of the six materials did not exceed 0.0020
cc/gram of sample. At temperatures up to 560°F the outgassing rate
was still less than 0.0090 cc/gram for each material.

In a comparison of the outgassing rate of the unfilled PTFE
with the filled PTFE materials, the filled materials had lover outgassing
rates at 160°F and 360°F, The best self-lubricating filled FTFE material,
which contained glass fiber and molybdenum disulfide, had the highest
outgzassing rate of all the materials tested ut temperatures of 5G0°F
and above. The unfilled PIFE and the glass cloth filled PIFE, were
stable at 760°F and did not show evidence of thermol degradation until
outgassed at the next higher temperature of 960°F. The graphite filled
nylon material appeared to be stable at 760°F but showed evidence of
thermal degradation at 860°F, The carbon-graphite material evolved
large quantities of gases at T60°F.

The gases evolved from the plastic materials were mostly weter
vapor with varying amounts of carbon dioxlide or carbon monoxide in all
with the possible exception of PTFCE which evolved carbon monoxide and
nitrogen gas.

All materials, including the carbon-graphite, released unidentified

hydrocarbons at a temperature where thermal degradation of the plastic
materials occurred.
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IV. OUICASSING DRYTERMIIATION OF DRY POUDERS

l, Sclection orf labericlco

Ten of the original twenty-seven pouwders evaluated in Phose I
Tor wear and friction characteristics vere selected for outgassing
studics. Most of the powders selected had low wear rates. However,
the cocefficient of friction was not considered as criticcl and as a
result, several of the powders selected had friction valucs as high as
0.4 when rubbing between steel surfaces. The powders selected were:

No. Material No. Material

12 Molybdenum disulfide MoSs 17 Silver iodide AgT
13  Graphitic-carbon c 18  Gallium telluride GaTe
1% Lead chromate PbCrC, 19 Tungsten diselenide WSep
15 Lead sulfide PbS 20 Tungsten diselenide (purified) Vse,
16  Aatimony Lrisulfide SbES3 21 Molybdenum diselenide MoSesp

The range of tomperatures selected for cubgacsing tests of the
dry powders was 160°F to 1160°F. All powders except molybdenum diselenide
wvere studied in the "as received" condition. Only the folloving six
povders vere studied in a degassed or "Pre-baked out" condition.

No. Haterial llo. Materiol

12 Molybdenum disulfide MoSy 13  Gallium telluride GaTe

15 Graphitic -carbon C 20 Tungsten diselenide Visesn

16  Mntimony trisulfide Sbes3 21  Molybdenum diselenide MoSes
2. 'Tcot Nesults

lliine different "as received" dry powder lubricants werce studied
Tor outgnssing claracteristics. The test results are snowvm in Table IV.
T™vo samples of tungsten diselenide were subjected to outpassing tests.
Onc sanple wvas "purified" for the "as received" tests. These two con=
ditiong reflect the worst and average amount of contamination that might
be fowd in powders considered as candidate lubricants. The method of
reporting the results in mol ¢ of the total gas evolved is similar to

that used in the study of plastic materials.

All of tihe "as received” povders evolved a major amount of vater
vapor aud vorying minor amounts of carbon dioiide and carbon mouoxide., In
addition, rwlybtdenum disullide, grapnite, lcad chromate, antimony tri-
gulfide wnd gallium telluride evolved a small amount of sulfur dioxide
pas.  Small amounts of hydrogen and unidentified hydrocarbon gases vere
rcleascd Trem the graphite, lead chromate, antimony trisulfide, lead
svlfide, gallium tellurdide and tungsten diselenide. Other gases evolved
from only one or a few of the povders included: acetic acid from lead
sulfide, nitric oxide from silver ilodide, and methaine from tungsten
disclenide. The "purified” tungsten selenide powder exiiibited a signifi-
ca:.bly lover outgessing rate than the "as mode' powder. Tae outgassing
of tihe purified powder was only onc-third tict of the uncleaned poirler
over Lhe range of 100°F to 5G0°F. 0Of the other powders only tungsten
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diselenide and silver iodide appeared to be "clean" powders without
significant contamination. In general the contamination in the form of
gases released from materials were epparently in the powders from the
time of their original processing.

Test results of the degassed powders are shown in Table V.
All these povders that were degassed exhiblted lov outgassing rates at
TG0°F except for the antimony trisulfide. Antimony trisulfide apporently
underwent a physical change. At thc higher temperatures the outgassing
rate was significantly lower than the rate at 760°F. Molybdenum disulfide
exhibited an extremely low outgassing rate at a temperature of T60°F but
inereased rapidly at 960°F and 1160°F. The tungsten diselenide had a con-
sistently lov outgessing rate at temperatures of T60°F, 9G0°F and 1160°F.
The tungsten exhibited a lower outgossing rate than molybdenum vhen each
was evaluated as a selenide compound. A review of the vapor pregsure
data for metals indicated that tungsten at & pressure of 1 x 10™! mm of
Hg has a higher vaporization temperature (2480°K) than molybdenum (1970°K).

At a temperature of 1160°F only tungsten diselenide, gallium
tdluride, antimeny trisulfide and molybdenum diselenide exhibited low
outgassing rates. All of the composites evolved carbon dioxide gas.

All but gallium telluride evolved carbon monoxide gas. Graphite evolved
water vapor at only one temperature (900°F). Hydrogen gas was releascd
from the graphite, antimony trisulfide, gallium tellwride and molybdenum
diselenide., At the high temperatures, both of the sulfide compounds

and molybdenum diselenide evolved sulfur dloxide gas.




V. OUTGASSING DETERMINATION OF COMPOSITES

1. 8eclcetion of Materials

The six composites and alloys that cxhibitced the most desirable
properties of low wear and lov friction when rubbing against metal in
Phase I tests were sclected for outgassing study. A descriptlon of
each material is given in Table VI. Tae 85 Fe - 16) C and the 205 NL -
80,5 C composites were the only materials of the group not subjected to
heat treating or annealing by the supplicr. ’

A1l of the test samples were given a 24 hour "boke out"
immediately prior to the outgassing tests. The '"boke out' and test
procedure vassimilar to the procedure used in evaluating the dry povders.
Gas evolution {rom the composites was determined over a twenty minute
period for each of three temperatures: 7G60°F, 900°F and 11G0°F. One
material, 8 Fe - 1G% C was heated for one hour at temperature rather
than 20 minutes.

2. Results of Tests

The results of outgassing of the composlite materials are shown in
Table VIT. The outgassing rates in gerneral of these materlels were low
ot 760°F and 9G0°F, but sipnificantly higher at the temperoture of 1160°F,
All of the composite moterials evolved a major amount of hydrogen, carbon
monoxide and carbon dioxide gases. later vapor, which was releascd in
copious quantities by the plastic and powder materials, vas not evolved
from the composite materials except for the 20) ii - 805 C composite at
960°F, The Ohy Fe - 155 € composite cvolved wnidentified hydrocarbon
«ases ot all three temperaturces. The 505 Fe - 505 C heat treated
composite evolved some unidentificd hydrocarbon gas. These hydrocarbon
gases were probably the result of heavy wades or other petroleum products
used as binders in greea pressing vhe compocites.

Although the outgassing rate of 505 Fe - 505 C and 205 Ni - 805 C
matericls was low at o temperature of 760°F, large smownts of carbon monoxide
and curtoe dioxide gases were released at 960°F. The rate of hydrogen
gac released increased with temperaturce of all Lie composites except the

RS s e T pQ, TLTEGU,) Ceonposite. At 11C0°F the rate of outgassing was low for
only the %0) i - GO C composile,

o corrclation vas found regarding the amount of lubricant or

type ol retal in the ccmposite and the rate of outgassing at the three
test temperatures.

The hydrogen s was cvolved from both the metal and lubricant.
The amount of nitrogen e ol frog the graphite powder ot 900°F was

,007 cc/crom of sample. This is a significant amount vhen compared to
the nitrogen gaos relecascd [rom cach of the composites at 980°F. At a
terperature of 11G0°F, the outzassing rate is high for all materials
exeopt the K04 i - §0) € earvurized paterial. lovever, this method of
makine the material was similar tothat of 305 Il - 705 C carburized,

"o relationsihip existed bebiceon the metiiod of moking the composite or
the armoint of gropaite incorporated in each moterinl.
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VI. DISCUSSION

The vapor pressure ol the materials had little or no eifect
on their outpgassing rates because the gases that were observed vere
primarily contaminants or decomposition products. It was important to
determine what contaminants werc evolved from the materials and the
mol ¢ of each fraction. In the plastic materials, the Nylesint ylelded
carbon monoxide, carbon dioxide and ammonia along with the other heavy
molecular weight materials. The vater, although tightly associated
with the nylon, hydrolized the nylon to form carboxylic acid and an
amine. .The end product of this breakdown reaction would give carbon
monoxide, carbon dioxide and ammonia gas. The polytetrafluoroethylene

did not froctionate but appeared to start to depolymerize, If dzcomposition

of the lov molecular weipght polymer occurred, fluorine gas  would be
formed. In the outgassing tests of plastic materials, a distillate vas
gencrally formed from all the samples at an elevated temperature.

Contaminants were also found during the outgassing of powders
and, in addition, metallic {films vere deposited in the cooler part of the
quartz tube vhich indicated fractionatlon of the material had occurred.
Most noticeable was the film formed during the outgassing of antimony
trisulflide. :

Other variables could also influence the rate of outgassing
of the candidate lubricant materials. Such variables include porosity,
particle size, surface area, and density.

A comparison of outgassing rates was made on all the materials
at 760°F. The bar chart, Figure 6, shows the outgassing rate of the
materials after a 24 hour bake out. Unfilled PITE had outgassing rates
similar to that of most of the metal composites. Nylasint containing
20, graphite had an outgassing rate similar to that of grophite powder.
The outpassing of Duroid 5013, glass {iber MoS, filled B, is not due
to the PIFE or the MoS, powder as noted by eacﬁ of the materials in
scparate tests. Since glass is not believed to have a high outgassing
rate, the gas must have been evolved because of a reaction of the
materials during the molding process., Additional pretreatment of Duroid
5813 may further reduce evolution of water vapor, carbon monoxide,
carbon dioxide, and sulfur dioxide gases.

The fact that plastie materials do not have a true vapor
pressure make them desirable for use in a vacuum environment vhere temper-
ature and strength requirements permit. Tensile strength tests of the
glass fiber molybdenum disulfide [illed PTFE in accordance vith ASTM
D538-58T, shov that the material retains approximately §G) of the room
temperature lensthwise and crosswise strength at 250°F and 337 of the
room temperature strength at 500°F. The strength of unfilled PTFE would
be slightly less at all temperaturcs.
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With regaid to radiation, PIFE has been shown to be stable
in a vacuum vhen exposed to ultraviolet radiatiog equivalent to 2-1/2
times the solar constant (I or 5 calories per cm” per min.) for periods
up to approximately 100 hours. Additional tests made in Materials
Laboratoriez show that PTFL can bte used in applications in a vacuum
vhere the material is exposed to ionlzing radiation dosages as high as
10° to lO( rads .

The data from the mass spectrometer was programed into the
Datatron 205 computer to identily and obtain the mol % of each of the gases
evolved from the candidate lubricating materiaels.

The mass spectrum of the pases evolved during each outgassing
test wags represented in the mass spectrometer by a peak intensity of the
ion current at each mass to charge (m/e) value. The relative intensities
of the ion current were used in the computational procedure with the
Datatron 205. A calibration record of spectrum fiom & large number of
knovn pure compounds, expressed in terms of pattern and sensitivity
coefficients computed for ecach m/c value, vas obtained and used as the
basis for the calculstion of the mixture spectrum. The record consisted
of pure compounds related to the expected goses that might be evolved
from the test materials in these and previous tests,

The mixture spectrum was the sum, or linear superposition, of
the spectra contributed by its components, The pattern and sensitivity
coefficients obtained in the calibration rmwmns could be applied to a
component whether it was alone Or in the mixture,

Mass spectral data vas obtained by solving simultaneous linear
eguations., It was necessary to use one equation for each unknown in
the mixture of gases.

After the simultancous equations were solved, the partial
pressures were obtained. Mol percentage composition was determined by
dividing each partial pressure by the total pressure, vhich was the sum
of the partial pressures,
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VII. CONCLUSIONS

1. Candidate dry lubricants and self-lubricating materials
vere evaluated for outgassing properties at various temperatures. The
outgassing data were determined for materials in the "as received"
condition and for materials which had been degassed prior to the out-
gassing determination.

2. Most of the materials in the degassed condition are more
suitable for ugse in a vacuum than is generally bellieved. The gases
evolved wére from contaminants and were not the result of evaporation
of the lubricant materials.

3. The major gas constituents evolved from the plastic and
dry powder materials were water vapor, carbon dioxide and carbon monoxide.
Duroid 5813, the best candidate plastic self-lubricating material from
Phase I, exhibited a low outgassing rate at temperatures from 160°F to
360°F. Molybdenum disulfide and tungsten diselenide exhibited low
outgessing rates at n temperature of TGO°F.

4. The mejor gas constiiuents evolved from the composite
materials were hydrogen, carbon monoxide end carbon dioxide. The 40%

Ni - 60% C carburized composite material exhibited the lowest outgassing
rate at T60°F.
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TABLE IV {Continued)

QUTGASSING CHARACTERISTICS OF IRY POWDERS

Vol.#* of

Tildent-¥ Gases Evolved
ified Misc.

cc/Ga.

CO and/
or >

Mol § of Gases Evolved

wWt. of
Sample
Grams

Material

No.
18

Gate

' |;d-’&:p:'
NO

39358
2RI7

g8888

0.3123

13

I1-18

8R&G
AREE

8%

]~

LI R B I |

16.17
23.91
17.07

33.07
24,11

#Gages were unidentified hydrocarbons
+*Total volume of gases was measured at STD




€£20°0
£0T0°0
TEO0 0

2600°0
5700°0
#000°0>

6£10°0
chOC"0
€000°02

0TI 0
£000°0
TE10°0

6410
72070
#200°0

T1€9T°0
£.00°0
G000 0P
.&\8
PIATOAT 8958
JO »TOA

dIS 48 paanssaW S84 53588 JO SUMTOA TBIOIx

- 66°€ 09°2 T9°63 oe*ge -
- on"$ gl-2 ot 19 9€- 12 -
- - on*g 9T°€8  moT -
- - - OT*6€ 06°09 -
- - - &m.mN O@.MN -
6€5 Z26g - 6€-¢ - -
j AR €4 on - 6252 - -
- - 91°gT o 4l 1974 -
- - - gn°1g 26791 -
- 6976 - € e -
- g€c-¢ - S0*SL £ TC -
- 93" % - e EL 26" QT 96° 9T
- - 112" 69 gL-0f -
- - ™me 29°99 nloye -
- - 25°97 T1°09 Vrad X4 -
i %o %z o8 200 o o
/pue 0D

PaATOAT SOSED JO 9 TOW

09TL
096
094

09TT
096
09l

09TT
096
09l

09TT
096
09L

09TT
05

09l

09TT
096
09l

ey

d, *dmag

INOTIVE *SHH 42 YELIV SUEIMOd X8I JO DNISSVOLNO

A TIAVL

eristo

51L°0

95eH"0

Sh69°0

SHET"O

9161°0

aTdmeg
Jo 3

594

ar8d

mmmn_.m

uoqIs)
ST4TudeID

Sgon

Te 11578

8T

91

€T

9

I1-19



Lxo3exoqe]
¢ furedwo)

Lxogezoqe]
¢ Luredwo)

Lxotrexoqe]
¢ Lredmo)

£xogeroqel
¢ Lredmo)

Lxo38I0q¥]
¢ Luedmo)

UOTSTATA

JTJTIUDTOZ
20308 pIod

dTJTIUITIG
XO30[ PIOL

STJTJUSTIE
090K pXOI

OTITIUDSTOS
030 pIOg

OTITIUSTOS
J030) pIO

Teaaf easq

‘s338T00SSY ydTeassy IS

a1 T7ddng

pazImQIw) -
patajurs aseud prnbrl -

pogealy JEau
‘xSI1 “CTSED PAUTRIUOD

pajeax] eIy
‘x5d1 ‘CiSed pauTezuc)

pojeaas 183
‘%SIT “C1ge) pauTEIuod

pajeaxy gearn
“xSTT “C1ge) pautejuUO)

Pajeasy jeay
“‘xST1 “rged poureiuod

PSUTOD 90H

SyTeway

SALISOdH0D J0 NOIIJTHOSII

IA dIEVL

™ oe

T of

™ oY

al o%

ad 0§

D 9T - al 4g
("ToA %3 $)

sSus Ty Ts0dmo)
TetTaa3el

el

.Nn.,d

elH

©0H

11-2¢



dIS 19 PR 8ITUD JO IMTOA TE930Lme
9u0qIe00IpAy POTITITOPTUN alan SITHDN

o6be” - - =0 262 18°45 on St
€YT0° - 26°0T 05T Zr-9§ T 7T SL LT
S100° - - - 99°TT 19°19 £€°92
SHTO" - - L 7As ¢ Lo n 6~z2 STl
l200° - - - - 99°2t  4t'lg
<000° - - - - W9E  60°€Y
1200° - - - 8 £0°q 91° 16
£000° - - - - 96°CT  20°9g
T000" > - - - - 66°66 -
geo” - - - 2Ty of'ch  96°TT
9100° - - - g1t gL Tt 8L°95
Q000" - - - GL°ES jade ] -
Livg” 16°L - - gey %2 0t T6°LS
010" - - - T TR g8t
00" - - - - 69°0% €60
6420° 1q°le - - 92° 1T 020t 10°18
8600° on'T - - enrt - gl L6
%100° 00°5 - - €0°¢ - 16°6g
“ewD /00 SUoQIeS % L) 255 @ 2
PAATOLT SR80 ~oxply
JOun® TOA DAATOAT 358D JO § TOH

9L
09TT
09L
09TT
o9l
09Tt
092
09T
09L
09TY
09l

4, "GoaL

2,09L IV INODIVE SUNOH +2 WALV SELISOINOS 40 SOLLSTUILOVHVHD ONISSVOLN0

TiA gV

0SET €

=M1

™wee e

2Lsg° 1

292

ozsLy

JO 34

2 %og ~ W S0z

0D %0l - N %0E

3009 -~ ™ Lon

IH 2 %09 - ad <oy

IH D 505 - 3d 506

*J %91 - ad §ng

TBTId38f

le

9T

=]

oy
o

o

i«

-~
™

=



11-22

CTROMETER AND SAMPLE PUMPING SYSTEM

MASS SPE

FIGURE 1
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ZIRCONIA—QUARTZ TUBE WITH VACUUM VALVE

FIGURE 2
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FIGURE 3
OUTGASSING OF DEGASSLED PLASTIC MATRRIALS
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OUTGASSING OF IBGASSED POWDER MATERIALS
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FIGURE 5
OUTGASSING OF DEGASSED COMPOSITE MATERIALS
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I. INTRODUCTION

Handling facilities are required for use in positioning and
testing space vehicles and other apparatus in the large space environ-
ment test chambers contemplated for the Armold Air Force Station,
Tennessee. Meny items of rotating equipment will be required to operate
in the chamber prior to and during the test of each space vehicle. The
program reported herein concerns the study of lubricsuts in bearings for
use in electric hoist motors, large gimbal mounts and rail cars, as well
as lubricants for both gesrs and bearings of 100 ton overhead travelling
cranes. It is required that these lubricated gear and bearing systems
be capable of operatjon in an environment where the pressures are in
the range of 1 x 10 to 1 x 1079 mm of Hg and the temperatures range
from -300°F to 300°F. In addition, some of the hoist motor bearings
may be operated under certain conditions at temperatures up tc 1000°F.
The stress on the test bearings and gears in this study will be of the
ssme order of magnitude as that which will be experienced in the actual
equipment.

The initisl program was divided into three phases but was
later extended to include seven phases. In Phase I the wear and
friction characteristics of verious dry powders and dry self-lubricating
materials suitable for use in ball besring components were evaluated in
& dry inert atmosphere. In Phase II selected materials from Phase I
vere subjected to a vacuum environment to determine the rate of outgassing
of each meterisi. In Phase III the most promising self-lubricating
materials of Phase II were fabricated inloc retsiners and were evaluated
in 20 mm ball bearings operating in a hard vacuum at temperstures from
-60°F up to 450°F with limited operation at temperatures above 1000°F.
Tests were mede with a radial bearing load of 75 pounds and an axial load
of 5 pounds.

In the forthcoming Phases IV through VII, the program will cover
vear and friction studies of improved self-lubricating materials for use
at higher bearing loads, additional outgassing studies, additional screening
evaluation of wear and friction characteristics in a vacuum, and tests on dry
lubricated, heavily-loaded, prototype gears and bearings operating in a
hard vacuum. '

At the extremely low pressure levels encountered in space and
also contempleted for simulation in a ground test facility, conventional
bearing lubricants evaporate or sublime: causing lubricating films to
disappear with a resultant tremendous increase in surface frietion and
wear of the ball bearings. Under such conditions clean surfaces, when
rubbing on one another in laboratory tests with apparently the last
monomolecular £ilm leyer removed, have been known to cold weld. 1In
sddition, in an ultra-high vacuum environment, the only natural mechanisms

III-1




of heat dissipation from a bearing are by radiation or conduction to
contacting surfaces. This heat reservoir effect compounds the problem,
as lubricent evaporation is accelerated at higher bulk temperatures.
Some bearing materials have poor heet transfer characteristics and will
not dissipate the thermal energy over the entire bearing surface but

retain it at the localized areas where the asperities of each material
make contact.

In the ball bearing tests of Phase III, rubbing occurred
between the ball surface and ball pockets of the retainer and between
the retainer surface and the corresponding guide lands of the inner
race. Self lubricating materials were used as retainers or as lubricating
rings to lubricate the bearings. Dry powders were slso used as lubricants.
To accomplish satisfactory operation in an ultra-high vacuum it was necessary
that the dry materiels provide a film on the rubbing and rclling surfaces
of the bearing to prevent galling or abrasive wear.

I11-2




II. LUBRICANT SELECTION

The lubricant materisls selected for evaluation in actual
bearing tests were those that appeared promising on the basis of the
results from PhagsesI end II. In addition, several new materials were
algso considered for evaluation in bearings. A description of the dry
powders, self-lubricating plastic composites and alloy materilals
evaluated in this Phase is contained in Table I.

A. Plastic Materials

Duroid 5813 (a molybdenum disulfide-filled, gless fibe. -
reinforced Teflon) exhibited the most satisfactory wear and friction
characteristics of all the plastlic compositions screened. Since Teflon
was one of the lubricating materials in Durcid 5813, Armalon (Teflon
impregnated glass cloth) and Fluorosint (mica filled Teflon) were then
reconsidered for test in bearings. In addition, retainers were made of
Nylasint M4 and Nylasint 2G even though it was recognized that they may
not possess the required strength at the bearing operating temperature.

Seversl phenolic resin base materials containing molybdenum
disulfide powder as a filler were used to fabricate specimens.

Culvun giapniie was ccusidered as a retainer material and
also & material for fabrication of lubricating rings. Tuhese rings vere
used to evaluate & new lubricating device which could atilize good
lubricating materials that in themselves did not possess sufficient
strength for their use as a retainer. Cne carbon lubricating ring
contained small quantities of molybdenum disulfide or various oxidation
inhibitors and metallic salts in addition to carbon-graphite.

B. Powders

Molybdenum disulfide was used as a lubricant in two bonded
dry films, M1284 and M-20, and as a slurry with a volatile carrier. The
carrier was evapcrated from the slurry before the bearing was placed in
the test chamber.

C. Composite and Alloy Materials

Sinetex (Teflon-molybdenum disulfide impregnated sintered bronze)
showed considerable promise as a candidate self.lubricating material in
screening tests. None of the other sintered materials exhibited optimum
lubricating properties. The BC42, M-10 and Inconel X alloy meterisls were
used with their surfaces coated. Only Inconel X was tested as a retainer
without a ccating.
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IIT. BEARING SELECTION CRITERIA

A. Configuration

Proper lubrication is essential to provide satisfactory bearing
life. As the lubricants became marginal in their ability to provide a
film between the rubbing surfaces, the configuretion of the bearing
ccmponents becomes more critical. Conventicnal ball. beerings intended
for use with oils or greases are not satisfactory for use with dry
lubricents. The loads imposed by the centrifugal forces on the retainer
and also the unpredictable loads resulting from thermal distortion, mis-
aligmment of the rolling elements and vibration all tend to rapidly
destroy any dry lubricant film on the metallic parts and permit wear or
metallic adhesion. All these factors serve to increase the severity of
the retainer lubrication problem when using dry lubricants in a vacuum
environment.

Several methods of reducing the severity of the lubrication
problem are available. These include changes in bearing configurailon,
varying material of construction and imposing limitations on the speed
and/or load performance of the bearing.

Although meny ball bearing configuration changes can be con-
sidered, the changes with the most significant effects on life are those
involving increase in radial clearance and retainer type used. The
bearings used in this study were deep groove Conrad type 20 mm light
series ball bearings of ABEC-3 grade. Standard bearings are made to
tolerances outlined in Anti-friction Bearing Engineers Coammittee grade
1 (ABEC-1). Bearings o. higher quality are manufactured with smeller
tolerances and progressively better race finish, as well as less
variation in ball size. The finsl design configuration of the beering
and retainer is shown as Figure 1. One land of the outer race was
ground to provide & counterbore race shoulder and still retain a non-
separable bearing. The shoulder height (depth of the race groove
measured from the shoulder to the bottom of the groove) was 16% of the
ball diameter. An inner-race riding, one-piece retainer wss used. The
rubbing velocity of the retainer on the (0D of the imner race would be
slightly higher for a 20 mm 20U size bearing than the rubbing velocity
of the retainer on the ID of the outer race. BHowever, it was decided
to have the retainer rub on the inner race since that design offered
nore of a variety in retainer modifications and also permitted use of
novel dry stick lubrication techniques. The rubbing velocity of the
retainer on the inner race when the inner race is free to rotate is
as follows:
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S
Ve = 0.2618 (Vg) |Bpg - —& (L - cos&)
: 2 PD
[ .
Where Vo = linear velocity in FPM
Vo, velocity of inner race 1800 rpm
Bogs OD of inner race 1.065 inches

Sp, ID of retainer 1.080 inches

d, ball diameter = 0.3120 inches
PD, pitch diameter = 1.765 inches
&, contact angle = 3° 48!
Cos & = 0.9978
Sod» OD of retainer a 1.495 inches
‘ 1.0380 0.3120 5 l
= 0. 1. - - = 0.9978) !
V = 0.2618 x 1800 [‘- 065 5 (1 o5 x 0.997 ):
V = 292 in./min.

*Assumed (based on inner race riding designed retainer)

The formula for calculating the rubbing velocity of an outer
race riding retainer would be:

Ve = 0.1309 Soq (Va) L} - %5 cosfj
Ve = 290 in./min.
B. Materials

The type of bearing material used for the balls and races
greatly affects the stresses present ut the ball and race contact point.
The harder the material, the greater the stress. For a given load applica-
tion the mean compressive stress in the contact area is approximately 606
per cent greater for materimls having a modulus of elasticity of 60 x 10
1b./sq. in, (carbides) as compared to materials with a modulus of elasticity
of 30 x 10° 1b./sq. in. (steels). It was desirable to use a material having
a8 relative low modulus of elasticity as the structural components of the
bearing, provided good wear resistance still could be achlieved. When the
material is extremely hard and brittle, chipping and cracking can occur
because of differences in coefficient of expansion and thermal distortion
of the housing and shaft meterial used in the bearing system.

Four types of bearing construction materials were used for the
bearing and lubricent tests in the vacuuwn chamber. A tool steel, M-10,
wes used in all tests run at temperatures up to 900°F. A cobalt-chromium-
tungsten alloy, Haynes Stellite 19, was used FPor teste run in the temperature
range of 1000°F to 1200°F. The balls for the high temperature tests were
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made of tungsten carbide and the races of Stellite 19. A nucleated glass
ceramic materiel, Pyroceram 9606, was used in the exploratory tests at
1500°F. Properties of these materials are noted below.

Materisl Coef. of Thermal Expension Mod. of Elasticity Hardness

M-10 6.5 x 10~ (78-400°F) 32.0 x 100 psi  Rockwell C 66 .
Stellite 19 7.9 x 106 (67-1112°F) 36.6 x 105 psi Rockwell ¢ 55
Tungsten Carbide 3.5 % lO'6 ( 1200°F) 80.0 x lo6 psi Rockwell A 92
Pyroceram 9606 2.6 x 10~ (68-600°F) 17.5 x 105 psi -

The hardness of the metsls at elevated temperatures wss also considered in
selecting the candidate bearing material. For M-10 steel the hardness ranges
from Rc 64 at room temperature to approximately Re 52 at 900°F. For Stellite
19 the hardness ranges from Re 55 at room temperature to Re 42 at 1200°F,
Tungsten carbide was selected over titanium carbide for the ball material
because of its higher hardness. Oxidation of the tungsten carbide was not

a problem since the bearings were to operate only in a high vacuum. 7The
analysis of the tool steel and cobalt-chromium-tungsten alloy was &as

follows:
Composition in Percent by Weight

Material C Cr Ni ) W Mo Co Fe v
M-10 Steel 0.90 L.0 - 2.00 1.0 max. 8.00 - Bal
Stellite 19 1.90 31.0 - - 10.5 - Bal 3.0 mex. -

C. Load Conditions

If the load on an oil or grease lubriceted bearing is reduced,
8 significant increase in the life of the bearing will result. The life
of the bearing is based on the following cubic relation:

10\3
S

Where: 1L, = 1ife, 1 x 106 revolutions
¢ = specific dynamic capacity¥
W = load on bearing

¥represents the load which a bearing can carry for one million
revolutions with only s 10% failure rate.

Reducing the loed on fluid lubricated bearinge to one-half
increases the life eight times. In the case of dry lubricetion, a change
in load would be expected to have even a greeter effect on the life of the
bearings, or on the wear of the self-lubricating component in the bearing.

A reduction of bearing speed will affect a corresponding linear
inecrease in bearing life. For applications where speed varies considerebly
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the life, in terms of number of revolutions, is the most practical cne to
consider.

The life-load and speed-life factors are approximations of complex
relationships and depend on & certain extent upon the exact choice of con-
figuration by each bearing manufacturer.

In this series of tests, ultimete bearing life was not determined
but the rate of wear per unit time was established, and this rate of wear
can provide an indication of expected beering life.
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IV, ULTRA-HIGH VACUUM TEST APPARATUS

The test apparatus used in this phase of the contract permits
operation of bearing systems in & hard vacuum @own to 8 x 1079 mm of Hg)
at temperatures up to 1500°F under radial loads up to 75 pounds and
exial loads up to 25 pounds. The loaded test bearing can be driven at
speeds up to 15,000 rpm. The test bearing can be observed while under
test;and frictional torque in the bearing can be measured and recorded
during the test run. The test apparatus consists of the vacuum chember,
test spindle assembly, bearing loading device and torque-indicating
systen, drive motor, pumping system, lesk detection system and pressure
monitoring system. An overall view of the test apparatus and control
consoles is shown in Figure 2.

A, Vacuum Chamber

The vacuum chamber housing the test spindle is roughly the
shape of a cube approximately two cubic feet in volume. The chamber
is constructed of stainless steel with all internal surfaces smooth
and free from pits and scratches 1o facilitate removal of air from
the surfeces. All blind holes inside the chamber are vented to eliminate
virtual leaks. Gold wire seals are utilized at all flanges to permit the
use of high temperature beke outs as well as high temperature cperation
of the chember and test spindle assembly.

B. MTect Spindle Assembly, Bearing Loading Device and Torque Indicating
Systenm

A cross section view of the test chamber showing the spindle
assembly, test bearing, bearing loads, heater assembly and torque system
is shown in Figure 3. The test bearing is mounted on the end of the
spindle. The radial lcad is obtained with a 75 1lb. welght; 12 inches in
diameter and 3 inches thick, which surrounds the bearing and forms an
integral part of the housing. A 5 lb. exial load ig applied to the
bearing by means of a wire fastened to the bearing housing and extending
forward over a pulley on which the weight is supported. This wire,
fastened by a set screw at the top of the pulley, also acts as a torsion
member and restoring force for any rotationsl movement ¢f the housing.
The force of friction developed in the besaring causes the housing to
rotate until the reactive torque in the wire is equal to the frietion
torque in the bearing. This degree of rotation can be cbserved through
the sight port, and the values can be used to calculate the inch-ounces
of frictional torque.

The test spindle assembly is supported in e pedestal that can

be cooled with water or liquid nitrogen. The spindle assembly contains
the spindle, three bearings end & housing tube. The rear bearing as
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well as the front-aft and front-forward bearings are 204 size 20 mm
besrings with the same configuration as the test bearing. An exploded
view of the test spindle assembly, test bearing in the housing weight,
bearing heater assembly and torque indicating device is shown as

Figure k.
C. Drive Motor

The votating source for the spindle is & canned-rotor electric
motor. The bearings, rotor and shaft are located inside the can with
the stator and field windings located outside the can. One end of the

cen has a flange that is bolted to a corresponding flange of the chamber,

exposing the bearings and shaft assembly to the vacuum enviromnment. A
gold "0" ring is used as a seal in the bolted flange. An outer water
cooled shell covers the stator and acts as & support for the thin wall
cen. The motor was designcd to operate on either 60 cycle or 500
cycle current.

D. Pumping and Lead Detection System

The chamber pumping system consisted of three pumps; a gas
ballast roughing pump, & small oil diffusion pump and & 1500 liters/
gsec, oil diffusion pump. Two traps were used; a dry trap of Zeollte
pellets and a weater cooled liquid trap. The pumping speed of the
system was approximately 300 liters/second. The small diffusion pump
was uged to help prevent contamination by the mechanical pump oil of
the large diffusion pump. The pellets ot the dry trep, along with the
liquid trep, prevented back streaming of the diffusion pump oil in
the test chamber. The test chamber contaeining the facility equipment
was cepeble of reaching pressures as low as 8 x 10”7 mm of Hg after a
normal bake-out period.

The entire system could be checked for lesks using & helium-
type mass spectrometer leek detector. The system was so designed that
all of the gases from the chember could be pumped through the detector.
A mylar bag was made that provided an enclosure arourd the chamber and
piping to contain the helium. The leak detector could with this eygtem
sense 100% of the helium tracer and provide semsitivity of 1 x 10~
std. cc air/sec.

E. Pressure Monitoringr System

The pressure sensing and indicsting system consirted of two
thermocouple vacuum gages, one ionizetion gege control and a Bayard-
Alpert ionization gage.

The thermocouple vacuum e was cepable of measuring
pressures from 1 mm of Hg to 1 x 10~3 mm of Hg. The ionization gage
was capable of measuring pressures fram 1 x 10-3 mm of Hg to 1 x 10-10
mn of HE.
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The ionizehion gage mounted on the top of the chamber was located
near the test bearing. The connecting tubing was 8 inches long with an
inside dimmeter of 0.62 inches. The time constant of the pressure measuring
system was less Lhan 1 second.

The thermocouple vacuum gage in conjunction with a meter relay
wvas used to control the operation of the diffusion pump so that the pump
would go on and stay on at pressures belov 6 x _10° mm of Hg and would
shut of[ when the pressure rose above 10 x 102 mm of ig.
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V. BEARING SCREENING TESTS

A. Test Procedure

Most of the retainer materials were screened in 20 mm ball
bearings in a conventional MRC Bearing Tester under an inert atmosphere
prior to being evaluated in tests in the vacuum chamber. Flgure 5 is a
eross-section view of the tester showing the test bearing, spindle,
support bearing and housing structure.

The tester was operated et a speed of 1800 rpm with an exial
load of 75 pounds on the test bearing unless otherwise noted. A flow
of dry nitrogen was passed into the forward spindle area, through the
test bearing and out the rear of the spindle through the oil lubricated
support bearing. The duration of each test run was 100 hours.

Both the bearing components and retainer materisls were cleaned,
weighed and measured prior to assembly. The bearings were assembled by
heating the outer race to approximately 300°F and at the same time forecing
the race over the assembled inner race, balls and retainer. After the
internal clearance on the bearing was measured,the bearing was sgain
cleanad with aleohol and installed on the test spindle.

B. Resultis

The screening tests were used to evaluate retainers of self-
lubricating materials that were considered questionable for use in the
vacuum enviromment. The seven retainers eliminated from further tests
by this type of screening sre showm in Table II. The glass cloth fiber
in the Armalon meterial was abrasive and not only prevented the formation
of & Teflon f£ilm on the metal surfaces but also abraded the metal surface.
Figure 6s 1s & photograph of the Armalon retainer before test. The two
phenolic plastic retainers, EBlL and EB2, containing molybdenum disulfide
d4id not have sufficient strength and broke during the screening test.
Figure 6b is a photograph of one of the phenolic retainers before test.

The carbon-graphite reteiner did not have sufficient strength.
A metal retainexr using carbon inserts in the bell pockets was also found
unsatisfactory. Figure 6c is a photograph of the metal retainer after
test and shows the broken inserts. A retainer of porous sintered
Stellite No. 1 alloy was made. However, a crack was found in the re-
tainer before being impregneted with a molten powder, and as a result it
was not tested. Figure 6d is a photograph of the Stellite No. 1 alloy
retainer.

The 2G Nylasint retainer ran successfully in the screening
tests. A check of the strength and outgassing characteristics of
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Phase II indicated the materisl may not be satisfactory at temperatures
of 160°F to 200°F.

A series of screening tests at increasing loads were made to
determine the bearing load that would cause a Duroid 5813 retainer to
fail. One retainer completed & 100 hour test run under a 75 pound axial
load, = second 100 hour test run under a 150 pound load and then operated
for 56 hours under a 225 pound load before it broke.

In addition to the above tests at ambient temperature, a bearing
utilizing Pyroceram 9606 races and tungsten carbide balls was assembled
for initial tests. The assembled bearing was placed in a furnace with
an inert atmosphere and was heated to 1500°F to determine if the bearing
could still rotate at the high temperature. Although the bearing was in
an inert atmosphere some oxidation of the balls did occur. Titanium
carbide balls have greater oxidation resistence and would be used on
eny further high temperature tests at 1500°F.

II1-12




VI. ULTRA-HIGH VACUUM BEARING .TESTS

A. Test Procedure

Each bearing used in the tests was assigned a number and then
was disassembled, inspected and cleaned. Both weight and linear measure-
ments were made on all bearing ccomponents including the one piece retainer.
The bearing and retainer were assembled following the same technique as
that used during the screening tests.

The radial clearance of the bearing was measured in 12 different
positions using a Sheffield gage. The values were averaged to obtain the
nominal internal radial clearance. The assembled bearing after all the
measurements were made was installed in the housing assembly. Information
was also obtained on each of the facility bearings. The spindle and motor
bearings were ilnspected; measured and assembled and then the radial
clearance determined in a process similar to that used on the test bearing.

(This operation was performed only when the facility bearings were changed. )

The components of the spindle unit and the drive motor were
assembled and installed. The noise level, coasting time and drive motor
power input were determined on the spindle assembly.

The test bearing and radial weight assembly were installed on the
spindle shaft, the cover plate assembly was bolted in position and the
torque wire connected. The thermocouple, heater assembly and electrical
lead wires were installed and the spindle assembly checked to insure free
movement of the bearing weight. After installation of the components was
complete, the interior of the chamber was thoroughly cleaned with ethyl
alcohol. In some of the tests, a stainless plate (check for oil back
streaming) was installed in front of the pump outlet duct in the chamber.
The 1id with a new gold Oring gasket was placed in position and the 1lid
bolts instalied. :

The test chamber was covered with an asbestos blanket and
heat was slowly applied to the chawber. The temperature of the 4ry trap
was controlled at 530°F. The temperature of the chamber was approximately
100°F lower. For the tests where metal retainers were to be evaluated,
the bakeout tempersture of the dry trap was held at TOO°F and the chamber
was GOO°F. Thegchamber was cooled and the tests started when the pressure
reached the 10~ mm of Hg range with the exception of the 1last three teats.
Immediately after the spindie started to rotate, the chamber pressure
increased by 0.5 to 1 order of magnitude. This increase was not so
pronounced during the tests using the metal retainers. In tests at
elevated temperatures, the test bearing heater was used during the bakeout
procedure,
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During each test measurements of the chamber pressure, test
bearing and spindle bearins temperatures, torgue, test time, and motor
power were made as well as the bearing heater current when the heater
was used. Most of this data is recorded in Table I1I. The torque values
were obtained by observing the angle through which the 75 lb. welght
as3sembly rotated as the bearing was started and continued on test. Kach
time the test was stouped, the "zerc" position of the rotating weight was
checked to insure no shifting of the torque wire or housing connectors
had occurred. Tne glass sight port on the chamber provided a good view
of the weight assembly and heat source, which made rapid detection
possible of any malfunction of the test bearing or facility equipment.

After test, the chamber 1id was removed and the test assembly
inspected. In tests where bearing operation was marginal, the motor drive
shaft was slowly rotated by hand before and after the test bearing was
removed to be sure that no melfunction of the test equipment had occurred.
The test bearing was removed from the test weight assembly and the radial
clearance determined. The bearing was disassembled, inspected, cleaned
and welghed. Linear measurements of the components were also made. The
bearing was then reassembled and a check of the radial clearance was again
made.,

The inspection procedure was modified so that additional operating
time could be accumulated on the spindle and motor bearings. A visual
cbservation determination of spindle coasting time and vibration analysis
was sufficient to insure continued operation of the facility bearings.

During the test program, frequent inspections were made to
insure no backstreaming of oil occurred in the chamber. A cleaned stain-
less steel specimen, whose surface was capable of being weitted with
distilled water, was placed in the chamber and located in front of the
dry trap. The methocd of inspection was to determine 1f the surface of the
specimen was still capable of being wetted after the 100 hour bearing test.
No oil tackstreaming was observed during the program.

B. Results

The results of the 20 mm bore bearing runs in an ultra-high
(hard) vacuum for 100 hours or less with various dry sclf-lubricating
retalners and a new lubricating technique are shown in Table III and 1V,
The detailed data observed during each test are shown in Table III and
include beariag temperature, bearing torque and chamber pressure measure-
ments. The observed test data are plotted as curves and are included in
this report. The bearing and recainer materials, test time, average
conditions of test, along with weight change of bearing components, and
calculated coefficient of friction for each of the fourtecen tests are
listed on summary Table IV.
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Test No. 1

The first test was a preliminary test to check the operation of
the facility bearings snd facility bearing cooling system as well as the
test bearing (Number 1). The forward heater assembly for the test bearing
was not installed and it was possible to observe the bearing through the
chamber sight port. The test run was staried afier the thermal insulation
was removed from the chamber and the test bearing temperature cooled to
approximately 150°F after the high temperature "bakeout". After 27 hours
of test operastion, water was circulated through the pedestal to cool the
spindle bearings to approximately 85°F. The corresponding test bearing
temperature was approximately 95°F. After 37 hours of operation, the test
wes stopped, the bearing removed for inspection and reinstalled. The
bakeout cycle was rerun and then the test was rcsumed. Inspection of the
bearing after the full 100 hours of test indicated that the amount of wear
of the retainer was low (0.2373 grams) and that the bearing was capable of
much longer operation. The 20 mm facility bearings, both the motor and
spindle bearings, during this test run incorporated one piece plastic
retainers of Fluorosint material.

Curves indicating the bearing temperature and chamber pressure
during this test are shown as Figure 7. Torgque was not measured.

Test No. 2

Pp——

The bearing (Number 28) with the Duroid 5813 retainer success-
fully completed the 100 hour test run. Figure 8 is a photograph of the
retainer and bearing disassembled after test showing each of the components.
The bearing after the 100 hour test was in excellent condition and capable
of much longer operation. Wear of the balls and races was not evident and
wear of the Duroid retainer was only 0.1654 grams. The balls and races
exhibited an increase in weight, indicating that a film existed on the
surfaces of the bearing components which came in contact with the retainer.
The average internal besring clearance decreased 0.0007 inch over the
100 hour test period. If the film was evenly ccated on the raceways and .
balls, it would average approximately 0.000L inch in thickness.

The conditions of test are shown on the curves of Figure 9. The
chamber pressure was slightly lower than that obtained in Test No. 1. The
torque was higher but still comparable to that of an oil lubricated bdball
bearing. After two hours of operation, the test bearing was stopped for a
period of 16 hours and then restarted to determine if the f£ilm would
Jubricate during a transient speed condition and after remaining in a
static condition for a period of time. No increase in torque or noise
level wes noted and the test continued without incident.
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The Fluorosint retainers of the spindle and motor bearings had
been replaced with Durcid 5013 retainers prior to this test. In addition,
the bearing heater and the torsion wire torque device were installed and
were used during this test.

Test No. 3

Operation of the test bearing (18) with the Fluorosint retainer
was terminated after 43.3 hours because of the fluctuation in torque, aa
increase in noise level, and a gradual increase in chuamber pressure.

Figure 10 is a photograph of the bearing components and the broken
Fluorosint retainer after test. Four starts were made during the test to
determine the degree of retainer malfunction. Wear not only of the
retainer, but of the balls and both races had occurred. Based on an average
increase of 0,0002 inch in radial clearance and an average loss of 0.000]1
inch on the ball diameters, little or no wear occurred on each raceway
surface and wear of approximately C.00005 inch cccurred on each ball surface
for the 43.3 hour test period. An analysis of the wear debris using x-ray
diffraction techniques indicated that it conteined iron and a significant
quantity of amorphous material, which appeared to be carbon. This large
volume of carbon was formed only when mica was present in the PIFE., It did
not form with the glass fiber-MoS2 Duroid 5813 material. The high wear of
the retainer in the test bearing was similar to the wear in the facillty
bearings when Fluorosint was used as the retainer in both the spindie and
motor bearings. Although wear did occur on the test retalner, the torque
values were low during the test.

The test conditions are shown as curves in Figure ll. The torque
was erratic during the first 14.9 hours of test. The bearing was stopped
three times during this period. After the last restart, the torque
gradually increased along with the noise level and the bearing test was
terminated after 43.L4 hours.

Test No. L

The test bearing (17) with the coated BGU2 stainless steel
retainer falled after 23.1 hours of operation. The coating on the retalner
was Surf-Kote M1284. Figure 12 is a photograph of the disassembled bearing
showing the galling that occurred on the retailner and the lands of the imer
race. The mat finish on the balls and raceways indicated metallic wear had
occurred. The average loss in ball diameter was 0.0037 inch and the average
inerease in radial clearance was 0.0098 inches. The average wear of the
ball surface was 0.0018 inch and the rascewny surface wear averaged 0.0006
inch.
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Figure 13 is a curve showing the test conditions. The torque
fluctuated throughout the test. The noise level was low during the first
few hours of test but gradually increased as the test progressed. After
4,7 hours, the bearing temperature slowly increased from 158°F to 175°F.
In an effort to reduce the noise level, heat was applied to the bearing
until a temperature of 200°F was reached. The noise however continued.
The test was atopped after 16,5 hours and the bearing was allowed to soak
for a short period of time. When the test was resumed, ‘the noise level
continued to increase even though the bearing temperature was lowered by
increasing the flow of cooling water in the pedestal. The torque
fluctuated during the entire test. The sudden fluctuations did not appear
to be related to the sudden and short "grinding” noises that occurred in
the bearing. The frequency of the "grinding" noise continued to increase
until the test was terminsted.

The bearing (3) with an uncoated Inconel X retainer and a special
carbon-graphite lubricating (P5) ring was used in Test No. 5. The bearing
seized after 0.l hour of operation causing the torsion wire to break at
the housing weld. Figure 1k is a photograph showing the bearing components
and the broken P5 carbon ring after test. An exploded schematic of the
lubriceting ring device is shown in Figure 15 and discussed later in the
report., The bearing failure was probably caused by the P5 ring breaking
and Lecoming wedged between the rsce and the retainer. Slight galling
occurred on the irnner surface of the retainer and the lands of the inmer
race. No galling and little wear was observed on the surfaces of the
balls or the pockets of the retainer. The wear and galling pattemn
indicated that rubbing of the retainer on the race lands is more critical
than rubbing of the ball in the retainer pocket. The test conditions were
not observed during this short test.

Test No. G

The same combination of bearing, retainer and ring material that
failed 80 guickly inm Test No. § wos agaizn feosted,  However, in thins test
the Inconel X retainer wae couted with a dry lubricant coating, Surf-Kote
M1284. The operation of the bearing (22) with the coated retainer and
lubricant ring combination was termlnated after T1.0 hours because of &
failure of the test bearing heater. Figure 16 is a photograph showing “he
bearing components and lubricating ring after test. Excessive wear of all
the bearing components had occurred. An average increase of 0.0167 inch
cccurred in the radial clearance and an average reduction of 0.0009 inch
occurred in the ball diameter. Average wear of each race surface was 0.0037
inch, while the ball wear was approximately 0.000k inch for each surface.
This indicated a much greater wear rate on the raceway than that which

oceurred on the balls.
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The curves indicating the conditions of test are shown in Figure 17.
The bearing temperature was 346°F at the start of the test but gradually
dropped to approximately 275°F. The initial torque was high but began to
decrease after 7 hours. The bearing noise gradually incressed but after
24.5 hours of test the noise level was reduced and torque further lowered
by increasing the bearing temperature to approximately 450°F. The noise
level gradually increased and & stop ard start were made at 55.5 hours to
determine if any change would occur in the noise level or torque value. No
change wvas noted. After 70.0 hours of test, the bearing temperature was to
be incressed to 900°F but the heater for the test bearing failed and the test
vas terminated. During this test, it was significant to note that although
wvear did occur in the bearing the torque was extremely low. The use of the
coating on the retainer increased the bearing life some over that of the
uncoated retainer but did not prevent excessive bearing wear.

Test No. 7|

Operation of the bearing (24) with the M-20 coated races, M-20
coated BG42 steel retainer and the P2W lubricating ring was terminated after
1.0 hour of operation because of an equipment malfunction. A special ceramic
insulator used as the hub of the disk weight assembly fractured. A 75 pound
radial weight made of chromium plated copper was fastened to the insulator
and was installed for this test so that the bearing could be tested at higher
temperatures. This method of fastening the disk to the insulator wes found

unsatisfactory.

A photograph of the bearing after test is shown in Figure 18.
The components were in excellent condition, however the M-20 coating had
flaked in the raceway ares, indicating poor adhesion to the raceway
surface. This had been the first time that thls coating had been applied
to ball bearing surfaces. Perhaps with a refined processing technique,
this coating may have satisfactory bonding characteristics. No data was
recorded during this test.

Test No. 8

The test bearing (18) using Surf-Kote M-1284 coated races and
BG42 retainer with an electrographic carbon P2W ring completed the 100
hour test. Figure 19 is a photograph showing the bearing components and
lubricating ring after test. Wear of both the bearing and the retainer was
excesslve. The average increase in the radial clearance was 0.0220 inch
end the average decrease in the ball diameters was 0.0064 inech. The average
wear of each race surface was 0.0023 inch while the average wear of each
ball surface was 0.0032 inch.
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Lubrication of the bearing was provided not only by the lubri-
cating ring but also by two P2W carbon lubricating sticks that were
ncontained in two stagered holes in each inner race land. The holes were
placed in such a positlon that they were in static and dynamic balance and
also permitted the sticks to lubricate the retainer over the full width of
each land.

The conditions of test are shown by the curves in Figure 20.
The torque wes extremely high at the start of the test and after L hours
dropped to & low value and remained constant during the remaining period
of test. The temperature at the beginning of test was 125°F, but was raised
with the aid of the heater to approximately 170°F after 1 hour of test and
then lowered to 1LO°F after 24 hours of test. The temperature was held at
140°F until the 100 hour test was campleted. The chamber pressure remained
constant at approximately 2.0 x 10°7 mm of Hz.

The original clearance on this bearing was small because of the
M-1284 coating on both the inner and outer race. The coating was rather
heavy, having an average thickness of 0,0007 inch on each metal surface.
The normal thickness of coating would be approximetely 0.0003 inch.

Test No. ©

The Sinetex retainer was operated in test bearing 12 for 100 hours.
Figure 21 is a photograpb of the bearing and retainer after test. The
retainer broke into 4 pieces and apparently had operated for approximately
19 hours in the broken condition. Extremely light wear was noted on the
outer race and bells with no wear occurring on the inner race. Light wear
was noted on the retainer. A lubricating film was detected on the imner
raceway and balls. This film will be discussed later in the report. The
Sinetex retalner, even though broken sometime during the test, had lubricated
the bearing without significant wear during the 100 hours.

The conditions of test are shown in the curves of Figure 22, The
temperature of the test bearing was maintained between 130°F and 160°F
during the entire test. The torque was rather high but dropped and remained
constant at a value of 4 in, oz. after 4 hours of test. The pressure
averaged 1.7 x 10-7T mm of Hg for the entire teat. The bearing noise level
was extremely low except for a small but significant increase after the 8lst
hour of test. The retalner may have broken during this period of time.

No change in bearing torque or temperature was observed.

Test No. 10

The bearing (9) with a BG42 coated retainer and P2W lubricating
ring was tested at temperatures above 4OO°F and was stopped after 72 hours
of operation to determine wear at the three-quarter point of the test.
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Figure 23 is a photograph showing the bearing and lubricating ring. The
bearing components showed considerable wear and, except for the retaimer,
the amount of wear was proportional to the corresponding components of the
bearing in Test No. 8. The average increase in the internal clearance was
0.0191 inch and the average loss in ball dismeters was 0.0042 inch. The
aversge wear on each raceway was 0.0027 inch, while wear of each ball
surface was 0.002) inch, Again the area of greatest wear on the retainer
was the ball pockets. Abrasive wear could be observed on the bore of the
retainer and corresponding outer lands of the inner race.

. The conditions of test are shown in the curves of Figure 2k,

The bearing temperature at the start of the test was 200°F. Approzimately
6 hours was required to reach the operating temperature of 4OO°F-450°F.
The torque dropped from the originel value but gradually rose again after
the bearing reached the operating temperature. No change in torque was
observed when the bearing was stopped and restarted after 17.5 hours of
test. The average pressure of the chamber during the test was 6.0 x 10°7
mm of Hg.

Test No. 1l

The Sinetex retainer, reinforced with a thin band of M-10 tool
steel, completed the 100 hour test without incident. Figure 25 is a
photograph which shows the bearing (5) components after test. Only
slight wear can be seen in the ball pockets and the bore of the retainer.
The average internal clearance of the bearing decreased 0.0003 inch,
indicating an average film on the racewsy and ball surfaces of approximately
0.0000k inch. This film resulted in a gain of weight for the outer race,
inner race and balls. A better film was obtained in this teat than that
obtained with the unbanded Sinetex retainer (Test No. 9) as shown by a
greater weight loss of the retainer ancé greater weight gain of the bearing
components.

The conditions of test are shown in the curves of Figure 26. The
bearing operated without noise or vibration during the entire test. No
increase in the torque or noise level was noted vhen heat was supplied to
the bearing to raise the operating temperature aflter 20 hours of test.
Although the torque was steady, the retainer had & higher rubbing friction
than that of the Duroid 5813 retainer bearings operating at a comparable
load and speed. The average chamber pressure was 3.3 x 10-7 mm of Hg.

The expected life of a self-lubricated bearing with either Duroid
5813 or Sinetex retainer would be much greater than 100 hours. The operating
temperature range of the Duroid 5813 material is approximately 160°F, while
the Sinetex retainer operated satisfactory at a temperature o L50°F.
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Test No. 12

Operation of the test bearing (11) using e coated BGU2 steel
retainer and a SK278 carbon lubricating ring containing a high percentage
of MoS, was terminated after 33 hours. Figure 27 is a photograph of the
bearing and lubricating ring. The bearing components exhlbited excessive
wear. The average lncrease in radial clearance was 0.0302 inch and the
average decrease in ball diameters was 0.0117 inch. The average wear of
the raceway surface was 0.0017 inch while the wear of each ball surface
was 0.0058 inch. The major part of the wear occurred on the valls rather
than on ‘the retainer, a pattern different than that experienced in Test
No. 8 and Test No. 10. This high wear of the balls may be attributed
to the large amound of carbon-graphite particles worn from the soft lubri-
cating ring material.

The conditions of test are shown in the curves of Figure 28.
The bearing temperature was raised from 325°F at the start of the test
to approximately LOO°F in the first hour and held at that value for the
remalning portion of the test period. The torque started at a low value
and climbed at a rapild rate until reaching 9 in. oz. after 19.0 hours of
test and then leveled off and remained constant for the remaining part
of the test. The nolse level gradually increased with the torque value
during the first 20 hours and finally became severe after 30 hours of
operation. The test was terminated 3 hours later.

Test No. 13

Operation of the test bearing (7) using & coated M-10 retainer
and M-10 bearing with a P2W carbon ring was terminated after 6 hours of
test because of a malfunction of the test equipment. Figure 29 is a
photograph of the bearing and lubricating ring. The bearing components
are in excellent condition but some wear was evident on the balls and
raceways as lndicated by the mat surfaces. All the bearing components
lost weilght apparently indiecating wear, but the average increase in
internal clearance was less than the average decrease on the diameter
of the balls. The exact reason for this wear pattern is not known unless
a film formed on the raceways faster than wear occurred in the balls.

The conditions of test are shown in the curves of Figure 30.
The test was started at a temperature of 825°F and within two hours
reached a value of 900°F. After 5 hours of operation, the 900°F temperature
could not be maintained. The test was stopped and the temperature wes
lowered to LOO°F. After 16 hours, the test was resumed but again stopped
one hour later. The torque remained constant at a low value during the
entire test.

This was the first bearing test scheduled for temperatures above
1000°F.
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Test No. 1& and 144

The test bearing (A) using a coated M-10 steel retainer, Stellite
19 races, tungsten carbide balls and 5OHT lubricating ring wes operated for
24.0 hours at a temperature of 1100°F (Test 14)., Later in the same test,
as both the tegt and facility bearing temperatures were decreased, the
forward spindle bearing (25) using Sinetex retainers was operated at a
temperature of -300°F for 3.6 hours (Test 14A).

Figure 31 is a photograph of the Stellite test bearing after 24,0
hours test at a temperature of 1100°F and 3.6 hours at tcmperatures helow
200°F. Wear of the bearing components was low. The increase in the average
radial clearance was 0.0002 inch and an average reduction in the ball
diameters was 0.0001 inch. The wear of each raceway was extremely small
with almost all wear occurring on cach btall surface. Wear of the lubri-
cating ring was small, indicating that having less carbon-graphite in the
bearing than in previous tests may provide better lubrication. Some
reduction in wear may be due to the composition of the carbon ring. The
S6HT material contained a metallic salt and oxidation inhibitor. This
same materlal when used as the retainer in a 204 bearing in another test
program, provided excellent dry lubrication at a temperature of 972°F in
a dry nitrogen atmosphere under a 5 lb., radial load.

The conditions of test for the Stellite high temperature
bearing with the coated M-10 retainer is shown in the curve of Figure 32.
The torque was low and uniform after an initial fluctuation period during
the first several hours of test. The noise level was low and ihe bearing
appeared to be capable of operating for a much longer period of time when
the test bearing was stopped and all the bearings cooled for the low
temperature start and operation.

In Test 1lA, only the forward bearing of the two front spindle
bearings was instrumented. The aft-front spindle bearing was probably
at or near the same temperature as the forward bearing during most of the
test, Figure 33 is a photograph of the spindle bearing with & banded
Sinetex retainer after the 24,0 hour operation at temperatures above 100°F
and the 3.6 hour operation at -300°F. The bearing components and retainer
are in excellent condition. The average radial clearance decreased 0.0002
inch and the average dlameter of the balls increased 0.0001 inch. This
indicated that a film was on the balls but probably only a light film on
the rauceways. A weight increese of the inner and the outer race did
indicate an extremely light film on the raceway. The spindle bearing was
operated Intermittantly as the liquid nitrogen was circulated through the
pedestal to lower the temperature to -300°F, The bearing components and
retainer are in excellent condition.

The bearing test conditions at the cryogenic temperature are

shown in the curves of Figure 34. The bearing started and operated at
-300°F without incident. Although the torque measurement could not be
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made at the low temperature, no surge of power or change in the low noise
level was observed. The amperes drawn by the drive motor, as meagured by
a polyphase ammeter, remained relatively uniform for both the high temp-
erature (14) and low temperature (14%A) tests. The temperature of the
motor and test bearing range from O°F to 200°F., The approximate load on
each of the two front spindle bearings was 50 1bs.

C. Facility Bearings

Test data was alsc obtalned on the Duroid 5813 retainers used in
the bearings of the drive motor and test spindle assembly. This information
was used to prepare curves showing the relaticnship of load and retainer
wear with bearing life., The bearings were in the chamber and operated at
the same average pressure as the test bearings. The operating temperatures
were controlled within the range of 86°F to 200°F. The location and
calculated radial locad for each bearing is shown below:

Bearing Location dlal Load, Lbs.
Front Motor Bearing 1.8
Rear Motor Bearing 1.8
Rear Spindle Bearing 30.0
Front-Forward Spiadle Bearing 51.0
Front-Alft Spindle Bearing 51.0

Tho tusiooeeuliy of the motor and epindie bearings using the
Duroid 5813 retainers are shown in Table V. Bearings No. 10, 20, 25 and 27
wvere removed, measured and reinstalled during the test program. The
remaining bearings were only removed at the time of replscement. All of
the bearings were in good operating condition when they were replaced
during the test program.

Wear of the Duroid 5813 retainers in the facility bearings and
the two test bearings is plotted as a function of operating time and load
in the curves of Figure 35. The wear of the Sinetex retainers used in
two test bearings is also included. Wear of the Duroid retainers in the
test bearings (Test 1 and <) altnough €xtremely Iow, was & larger wear .
per cent of total retalner weilght than wear in any of the facility bearings.
The Sinetex retainers, one banded the other unbanded, had a less wear
(per cent of total rectainer weight) than the Duroid 5813 retainers in the
two test bearings. It appears that Sinetex retainers would give the longer
life both at 160°F and LGO°F as compared to the Duroid 5813 retainer which
was tested at 130 to 160°F, Considerable spread in retainer wear was noted
for the two front spindle bearings. This is understandablec since the two
bearings operated at different temperatures and different thrust loads.

If both bearings evenly support the load in the test facility, the load on
each would be 51 1b. Bearings, No. 15 and No. 23, operated at conditions
less severe than bearings No., 25 and No. 27.
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The retainer wear of the motor bearings was extremely low under
their light loads. These bearings operated under almost constant conditions
of temperature and load for all the tests.

D, Discussion

The measurement of wear of the bearing components by weight gain
or loss is somewhat inaccurate. The retainers were inner land riding and
if the self-lubricating retainer provided effective lubrication, as did
only the Duroid 5813 and the Sinetex material, a f£ilm occurred not only in
the ball path but also in the race land. If the retainer exhibited wear
on the contact surface, a weight gain by galling or & welght loss by
abrasion or a combination of weight gain and loss could occur on the inner
race. Wear of the raceway of both races was considered as an average cven
though wear of the outer race wes concentrated in the area of the load

zone only.

The wear was calculated from the reduction in vall diameter and
the increase in intermal clearance a&s noted:

Raceway wear of each surface = (Rg - Ral) -2 (d-44)
T b

Ball wear of each surface = 2 (d-dl)

L
Rc = Initisl Radical Clearance in Inches
Rc:l. = Final Radical Clearance in Inches
4 = Initial Ball Diameter
dl = Final Ball Diameter

Other methods were also used to determine effective lubrication
of the two satisfactory self-lubricating material. FPhoto micrographs (20X)
were taken of the raceways showing a "buildup” of the f£ilm. A view of &
typical spot on the raceway of an nnused inner race is shown in Figure 36a.
The grinding marks are easily distinguishable running parallel to the race
groove. : The photograph on Figure 36b is of the inner race of the bearing
used in Test 9 after 100 hours operation and shows the Teflon film formed.
The thickness of this coating is more than sufficient to provide adequate
bearing lubrication and may be as much as a thousand times the thickness
of the film of an oil lubricated bearing. The photograph on Figure 37a is
& view of the outer race of an unused bearing and the photograph on Figure
37b is a view of the outer race of the bearing used in Test 11l after 100
hours of operation. The coating on a ball used in Test 11 is shown in the
photograph on Figure 38a. A light was directed at the ball in the center
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of the photograph., The dark area surrounding the center of the photograph
is caused by the light reflection. The Teflon film covers the grinding
markes and is streaked as if caused by weaving a paint brush along on a newly
painted surface. The large dark spots are a mixture of Teflon, Molybdenum
disulfide and bronze. The photograph shown on Figure 38b is a view of a
Sinetex retainer pocket., At the bottom of the figure can be seen the edge
of the steel band, Above the band is the wear area caused by rubbing of

- the ball in the pocket. Above the wear area is the surface of the porous
f1lled Sinetex material.

No attempt was made to determine the life of the two types of
self-lubricating retainers that provided satisfactory lubrication of 204
size 20 mm bore bearings operating in an ultra-high vacuum. Sufficient
information has been obtained to indicate that life is much greater than
the 100 hours that the materials were operated in the test chamber.

The test results of the facility bearings give some indication
of wear vs. life for various bvearing loads. Although a small weight loss
of some of the races and balls was observed, no measureable wear of the
ball or raceway diameters could be detected.

The unit (Hertz) stress has been calculated for the test bearing
at various loads and plotted as a curve in Figure 39. Wear can be compared
to varicus levels of unit stresses within the range of loads tested and
should givec some indication of wear of different size of bLeerings if the

¥
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+

Some information was obtained with regard to bearing speeds.
Test bearings with Sinetex retainers were operated in the vacuum chamber
at DN values up to 220,000 for 50 hours at light loads of 1.8 1b,

The internal radial clearance of a bearing should not have an
effect on bearing life if sufficlent clearance is provided for the dry
lubricant film. The motor bearings had an internal clearance of .0010
inches and operated satisfactory at light lcads. The test and spindle
bearings haed an internal radial clearance of .0035 inches and operated
satisfactory. It is recommended that .001l0 inch be considered as the
minimum internal clearance for 204 size 20 mm bore bearings.

It also became apparent during the tests of self-lubricating
retainers in the bearings that no direct relationship existed between wear
and friction. This was especially noted in the tests where the carbon
graphite was used as a lubricant. The carbon proved to be an ineffective
lubricant. An X-ray diffraction analysis of the wear debris removed fronm
bearing tests No. 8, 12 and 13 were all alike and identified as a metallic
carbide (opp M7C ) and a minor unidentified phase. ‘The metallic carbide
may have any combination of Fe, Cr, Mn, V and Mo and carbon.
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VII. CONCLUSIONS

1. Conventional 204 size, 20 mm tool steel ball bearings have
been adapted, with the aid of self-lubricating retainer materlals, for
use in an ulira-high vacuum environment.

2., Bearings incorporating dry lubricants were operated under
8 radial load of 75 pounds and an axial load of 5 pounds oyer a temperatyre
range of 130 to 450°F in a vacuum envirorment of 1.7 X 107/ to 3.7 x 10 ' mm

of Hg pressure for 100 hours with no measurable wear occurring on the races
or balls.

3. The feasibility of operating 20 sma bore bearings at tenmper-
atures above 1l000°F in a vacuum environment was demonstrated.

4, A bearing lncorporating a dry lubricant was successtully
started and operated at 2 tcomperatuce of -300°F in & vacuum environment.,

5. Sufficient test data has been obtained to verify that other
bearing sizes in addition to 204, 20 mm bore bearings can be adapted for
use in a vacuum environment where the meximum loed, unit stress and speed
for each bearing can be specified.

6. Of the two satisfactory self-lubricating retalner materials,
Duroid 5813 (filled Teflon) exhibited slightly higher wear and lower
friction than 4id the Sinciex {impicgnabed sintered bronze).

Prepared By %7&" e M/

P. H. Bowen
Project Engineer

Supervised By

/7.
ZA{ &‘/‘“?—‘/
E. S. Bober
Supergiéory Engineer
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TABLE III (Continued)

ULTRA-HIGH VACUUM BEARING TEST DATA

Teat 5 - Data Not Observed Test 7 - Data Not Qbserved
Test 5 - Coated Inconel X Retainer Test 8 - Coated BG-42 Steel Retainer
Time Pressure Bearing Bearing Time Pressure IBearing Bearing
Hrs., mm of Hg. Temp. Torque Hrs. mm of H§. Temp. Torque
X 1x10 °F Ine=02. X x10” °F In.-02.
0.0 0.8 346 - 0.0 0.7 125 -
1.0 7.0 310 k.0 1.0 2.3 172 8.0 .
2.0 2.3 275 4.5 2.0 2.9 170 T.0
10.0 2.2 267 2,0 4,0 2.7 178 -
20.0 2.6 2A0 2.0 24.0 1.8 Lo 3.0
2h.5 3.7 260 2.0 57,0 2.0 140 -
2L, 5% 0.9 Lo 3.0 67.0 2.0 135 2.0
26.0 5.8 Lss 1.0 T2.0 2.3 12 -
30.0 1.8 Lh7 1.0 73.0 2.3 5 2.0
38.0 2.0 450 1.0 T7.0 2.3 12 -
k3,0 0.9 435 1.0 91.0 2.3 5 2.0
48.0 1.7 430 1.0 93.0 1.5 1hs5 -
55.5 1.7 k1o - 96,0 1.6 145 2.0
55.5% 0.2 420 1.0 99,0 1.7 145 -
58.0 2.0 h17 1.5 100.0 1.6 145 2.0
h.0 2.5 k30 1.5
70.0 2.1 420 1.0 Ave, 2.0
Ave. 2.9
Test 9 - Sinetex Retainer Test 10 - B3-42 Steel Retainer
Time Pressure Bearing Bearing T™me Pressure DBearing Bearing
No. m of Hﬁf. Temp. Torque Hrs. mm of Hg. Temp. Torque
X lxlO' °F In.=02, )4 1x10” r In.~02.
0.0 0.7 160 - 0.0 0.5 200 -
1.0 2.0 160 5.0 2,0 6.8 275 4.0
2.0 2,1 160 5.0 3.0 7.0 310 -
4.0 2.1 160 4.0 k.5 8.8 380 2.0
5.0 2.0 155 - 6.G 9.0 400 -
8.0 1.5 155 4,0 7.5 0,3 450 -
23.5 1.2 135 4.0 16.0 4,0 450 3.0
26.0 1.5 135 4,0 17.5 4,2 420 -
47.0 1.9 125 4,0 17.5% 0.7 350 3.0
52.0 1.9 130 k.o 20.5 7.4 Loo k.o
55.0 1.8 130 L.0 22.5 5.0 450 4.0
72.0 1.7 130 4.0 38.0 6.h 450 4.0
4.0 1.8 130 L.o 58.0 6.5 Lhé k.o
80.0 1.8 130 - 635 6.3 440 k.0
95.0 1.8 130 L.o 72.0 6.3 4o 4.0
100.0 1.7 130 4,0
] Ave 6.0
Ave. 1.7




TABIE ITI (Continued)

ULTRA-HIGH VACUUM BEARING TEST DATA

Test 11 - Banded Sinetex Retainer

Teat 12 - Coated BG-42 Steel Retsiner

Time Presgure Bearing Bearing Time Pressure Bearing Bearing

Arg. mm of Hg. Temp. Torque Hrs. mm of Hg. Temp. Torque
x ulo- OF Ino'OZq X b:lO" .F . In:-Oz.

0.0 0.9 370 - 0.0 0. 325 -
1.0 1.8 375 2,0 1.0 4, Lo0 1.0
2.5 1.8 370 - 16.5 5.1 385 6.0
18.0 2.0 375 b5 19.0 3.6 Lo0 9.0

20.0 6.0 koo - 21.5 5.4 Loo 9.0
23.5 6.0 420 4.0 23.5 k,9 hoo 9.0

26,0 5.0 430 hoo 25.0 k.6 koo 9.0
27.0 3.5 400 - 33.0 5.b koo 9.0
50.0 2.9 390 4.0

67.0 3.1 390 k.0 Ave, 4,7

100,0 2.8 390 k.0

Avo, 3.3

Test 13 - M-10 Steel Retainer

Test 14 - Coated M-l0 Steel Retainer

Time Pressure Bearing Bearing Time Pressure Pearing Bearing
Hre, m of Hg. Temp. Torque Hrs, mm of H§. Temp. Torgque
X 1x10” °F In.=0z, X 1x10” °F In.~0g,
0.0 2.0 825 - 0.0 20.0 1050 2.0
.0 9.3 830 1.0 0.9 26.0 1100 -
2.2 28.0 935 1.0 1.5 20,0 1100 1.0
3.0 20.0 gko 1.0 2.0 20,0 1100 2.0
5.0 15.0 900 1.0 2.5 3%.0 1100 -
5.0% 0.9 400 - 6.0 34,0 1100 2.0
6.0 9